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ABSTRACT 
ASSESSMENT OF MINERAL NUTRITION OF DECLINING FOREST TREES 
WITH RED SPRUCE SEEDLINGS AND INDICATOR PLANTS 
MAY 1992 
BARBEL HOLLDAMPF, DIPLOM AGRAR INGENIEUR, 
UNIVERSITAT HOHENHEIM 
M.S., UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor Allen V. Barker 
Decline of high elevation forests in the northeastern 
United States has progressed in the last two decades. This 
phenomenon has been related to the impact of atmospheric 
pollution on forestal systems. The mineral nutrition of 
forest trees with abnormal growth appears to be affected. 
Declining forest trees showing chlorosis, needle loss, and 
dieback appear to be deficient in Ca and Mg. These 
deficiencies may be induced by nitrogenous nutrients borne 
in the atmosphere. Nitrogen may enhance growth of trees 
which leads to an exhaustion of Ca and Mg in the soil. 
This study assessed mineral nutrition of healthy and 
declining red spruce (Picea rubens. Sarg.) and chlorotic 
balsam fir (Abies balsamea. L. Mill.) from sites in western 
Massachusetts. The effects of nitrogen and factors inherent 
in forest soil in mineral element accumulation by trees were 
evaluated with red spruce seedlings and radishes (Raphanus 
sativus. L.) in the greenhouse. Plants were grown in acid 
(pH < 4) O or A horizon from a Typic Haplorthod collected 
from a red spruce forest. Spruce or radishes were treated 
with a nutrient solution containing 7.5 to 17.5 mM 
alone or 15 mM N of which NH^'" concentrations were 0, 3.75, 
7.5, 11.25, or 15 mM with the remainder being NOj". 
V 
Foliage of declining red spruce was low in P, Ca, Mg, 
and Mn relative to published standards. Chlorotic needles 
of balsam fir were low in K and Mg. Forest soils were 
apparently deficient in Ca and Mg. Radishes did not grow 
without CaCOj supplied to the forest soil. Liming and 
fertilization with calcium and magnesium salts increased dry 
weights, Ca, and Mg concentrations in leaves of radish. 
Without supplementary Mg, was toxic to radishes. This 
toxicity occurred also if Ca supply was increased in the 
presence of Mg. 
After 100 days of treatment with nutrient solutions, 
the spruce needles became chlorotic with 11.25 and 15 mM 
Radishes exhibited toxicity symptoms after 28 
days. Plants had higher dry weights when grown in organic 
horizons than in mineral horizons. Plants grown in mineral 
horizons had higher N, K, and Ca but lower Mg and Mn 
concentrations in the leaves and needles. As 
increased, plants had lower dry weights and less Ca 
accumulation. No other element (N, K, Mg, Mn) was affected 
by 
Mineral element deficiencies (P, K, Ca, and Mg) 
involved in the decline of trees at the studied sites 
appeared to be related to low elemental concentrations in 
the soil. The results of the greenhouse experiments show 
that is a potential factor contributing to Ca and Mg 
deficiencies in forest trees. Calcium uptake was restricted 
by Plants nourished with ammonium-N showed an 
increased requirement for Mg. 
vi 
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CHAPTER I 
INTRODUCTION AND OBJECTIVES 
A. Introduction 
The extensive forest decline that appeared in indus¬ 
trial countries in the early 1980's has been related to wet 
and dry deposition of atmospheric pollutants. The input of 
photooxidants, acids, and nitrogenous and sulfuric compounds 
in forest ecosystems has resulted in this multifactorial 
stress syndrome of decline (Tesche, 1991). In the north¬ 
eastern United States, highly acid rain and fog (pH 2.8-4.5) 
in high-elevation forests are considered to be the cause of 
dieback in red spruce (Picea rubens Sarg.) and balsam fir 
(Abies balsamea L.Mill.) (Johnson et al., 1989; Bruck, 
1985). The long term impact of increasing acidity and air¬ 
borne contaminants in rain and fog caused a direct injury on 
the plant canopies and has altered soil chemistry, inducing 
changes in availability of mineral nutrient (Ulrich, 1990; 
Van Breemen et al., 1984). In acidified soils, cations, 
mainly calcium and magnesium, are exchanged by hydrogen and 
leached out. Aluminum and manganese are highly mobilized in 
soils below pH 4.2, and aluminum can become toxic to plant 
roots (Foy, 1984). Trees grown in calcium- and magnesium- 
depleted soils may become deficient in these elements. 
A symptom indicating calcium deficiency is dieback of 
the stem tips or branches giving a flat-topped appearance to 
coniferous trees. Yellowing of older needles in conifers 
can be attributed to magnesium deficiency. In Germany, a 
1 
decline symptom in the older needles of Norway spruce, 
described as "acute yellowing" typically starting at the 
needle tips and proceeded to the base of the needle. This 
was identified as magnesium deficiency (Kandler et al., 
1987). In the forests of the northeastern United States, 
however, pronounced needle chlorosis is observed rarely 
before shedding of needles occurs (Bruck, 1985), indicating 
that magnesium deficiency may not be severe in this region. 
Acidification and nutrient leaching from the soil does 
not fully explain decline in forests. Red spruce and Norway 
spruce as coniferous trees are known to acidify their envi¬ 
ronment due to their litter and are adapted to low base 
saturated soils derived from granite, gneiss, and schist 
that are low in nutrients (Riha et al., 1986). In search 
for a factor that could cause alterations in mineral 
nutrition of forest stands, the "Ammonium Hypothesis" 
(Nihlgard, 1985) has received much attention. 
Nitrogen is an important growth limiting factor in 
forest ecosystems. Annual nitrogen mineralization in a 
mixed conifer stand in Maine (Federer, 1983) was between 2 
to 6 kg N ha'^ on the forest floor and in the mineral soil. 
Nitrogen fixation by blue-green algae and lichens in a 
Massachusetts forest was less than 200 g ha'^ year'^ 
(Tjepkema, 1979). Nitrogenous compounds in precipitation 
are nitric acid, nitrous oxides, and ammonium sulfate. 
Nitrous oxides originating from burning fossil fuels 
contribute 30% of total man-made nitrogenous air pollutants 
2 
(Tjepkema and Cartica, 1981) and add significant amounts of 
nitrogen into forests. Likens et al. (1977) recorded 22.9 
kg nitrogen ha*'’ yr*'’, 2.9 kg as and 2 0.0 kg as NOj* in a 
New Hampshire forest. In another study in New Hampshire by 
Lovett et al. (1982), annual input was calculated to be 25 
kg NOj'-N ha*^ and 21 kg NH^-N ha*\ In Massachusetts, 
emissions from livestock manure and sewage sludge have been 
identified to be the source of 70% of the atmospheric 
ammonia accumulating an annual NH^-N deposition rate of 2.5 
kg ha'^ in a pine forest (Tjepkema et al., 1981). 
Additional available nitrogen to forest trees in general is 
beneficial to forest growth because forests are nitrogen 
deficient (Leyton, 1958). However, in case of deficiencies 
of other mineral elements (Ca, Mg, K, and P), additional 
nitrogen may cause cation-anion imbalances and influence 
physiological processes that contribute to the decline of 
conifers. 
The impacts of nitrogen nutrition have been studied 
thoroughly in agricultural crops (Mulder, 1956), but few 
approaches have assessed the roles of nitrate and ammonia in 
forest nutrition. Perhaps agricultural crops for which the 
mineral nutrition has been well studied may be valuable for 
use in studies of the nutrition of forest trees. Barker et 
al. (1983) observed a strong inhibition of Ca and Mg uptake 
in radish (Ranhanus sativus L.), when ammonium rather than 
nitrate was the nitrogen source. The fast-growing radishes 
that accumulate large amounts of mineral elements compared 
3 
to the very slow-growing coniferous species may demonstrate 
nutritional imbalances due to ammonium nutrition in a rela¬ 
tively short time. Radishes will be used in this study to 
verify and monitor mineral element nutrition changes due to 
the treatments. 
B. Objectives 
1. To assess the soil characteristics and mineral nutrient 
composition of foliage of red spruce from provenances where 
forest decline is apparent, and 
2. To determine the effects of ammonia and nitrate on 
foliar accumulation of mineral elements in red spruce 
seedlings and indicator plants. 
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CHAPTER II 
LITERATURE REVIEW 
Decline in red spruce has been observed at high 
elevations of the northeastern mountain ranges of the United 
States. Studies attributed the appearance of decline at 
3000 to 4000 feet elevation to the fact that the summits are 
frequently submerged in the acidic fog of the clouds 
(Siccama et al., 1982, Scott et al., 1984). Since the 
1960's, burning of fossil fuel and car traffic have in¬ 
creased concomitantly, releasing sulfur and nitrous oxides 
into the atmosphere. Nebe (1991) observed in a study of 
mineral element contents in spruce in the Thuringian Forest 
(former East Germany) from 1962 until 1984, an increase in 
nitrogen content and a 50 percent decrease in calcium and 
magnesium concentrations in presently declining trees. For 
trees fertilized with dolomite in 1960, calcium and magne¬ 
sium deficiency were not present. In an earlier publica¬ 
tion, Ilgen and Nebe (1989) reported an increase in nitrogen 
content starting as early as 1950 in a dendro-chronological 
analysis of the wood of spruce with needle yellowing. 
Various studies with simulated acid rain demonstrated 
the capacity of tree foliage to absorb sulfuric and nitroge¬ 
nous compounds. The foliar retention of ammonium-N is 
higher than that for nitrate-N as observed in analyses of 
throughfall and open-plot rain samples (Garten and Hanson, 
1990). Simulated acidic fog (pH 5) destroyed the cuticular 
wax layer in Norway spruce fPicea abies Karst.) seedlings 
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and caused yellowing, browning, and shedding of needles 
(Mengel et al., 1988). In soils, however, simulated acid 
rain increased the availability of Al and Mn and disturbed 
mineralization in the organic horizon (McColl and Firestone, 
1987) . MacDonald (1986) recorded decreased root to shoot 
ratios in seedlings of jack pine (Pinus banksiana Lamb.) 
with increasing soil acidity. The foliage N, K, Ca, Na, Zn, 
and Al concentrations increased as pH decreased whereas P 
and Mg concentrations in foliage fell. Schulze (1989) 
studied the nitrogen balance in a spruce forest in Germany. 
He detected preferential uptake of ammonia, leaching of 
nitrate and sulphate, and inhibition of cation uptake. As 
Mg, Ca, and K concentrations in the spruce foliage 
decreased, the P content and Al:Ca and Al:Mg ratios in the 
foliage increased. In a previous study Schulze et al. 
(1987) detected decreasing mycorrhizal growth on roots of 
Norway spruce with increasing NH^'*’ concentration in the soil 
solution. This decrease did not occur when the medium was 
less acidic and magnesium and calcium was added. 
Huntington et al. (1990) showed that composition of 
foliage in red spruce is related to the cation content in 
the soil. They detected a positive relationship between 
foliar Ca and Mg concentrations of red spruce and cation 
content in the Oi and Oe horizon at Mount Moosilauke, New 
Hampshire. Friedland et al. (1988) measured low concen¬ 
trations of P, Ca, Mg, and Mn in red spruce from high 
elevations in Vermont and New York. Simultaneously, 
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protein-N was increased in samples of the foliage from high 
elevations. Browning due to chilling injury of the youngest 
needle year was noted, indicating decreased hardening 
capacity of the needles. In fertilization experiments with 
conifers, large amounts of nitrogen led to lessened wood 
growth and higher amino acid concentrations in the needles 
(Baule and Fricker, 1969). 
In the Netherlands, where high ammonium sulfate 
concentrations in precipitation originating from intense 
agriculture are reported, deficiencies of K and Mg and 
premature shedding of needles in black pine (Pinus niara 
var. maritima Ait.) have been observed (Roelofs, 1985). In 
healthy stands, the ammonia:magnesium ratio in soils was 
6.5:1, whereas in soils from stands where black pine 
declined, the ratio was 22:1. Gijsman (1990b, c) studied 
the utilization of nitrate and ammonia at different soil 
acidities on Douglas-fir (Pseudotsuaa menziesii Mirb.) 
seedlings. The uptake rates measured in terms of OH’ or 
excretion from the roots were in agreement with expected 
values. Plant growth was very poor when ammonia was the 
sole source of nitrogen. Those plants also had a low 
carbon:inorganic anion ratio due to the incorporation of 
ammonia in organic compounds. Edfast et al. (1990) compared 
spruce trees in declining forests with those in remote areas 
of Sweden where less air pollution exists. At sites with an 
annual input of 20 to 30 kg N/ha, free amino acid content in 
7 
needles was increased. This observation was correlated with 
relatively low levels of K, Ca, and P in the foliage. 
It can be concluded from the above mentioned studies 
that mineral nutrient deficiencies caused decline symptoms 
and that air-borne nitrogen, especially ammonium, may 
contribute to forest decline. Nitrate and ammonium absorbed 
by the canopy may enhance growth in the leaves that leads to 
physiological mineral element deficiencies due to low 
availability in the forest soil and slow translocation of 
these elements in the plant. Ammonium in the rhizosphere 
may inhibit the uptake of magnesium and calcium and lead to 
deficiencies in trees due to the competition for carriers in 
the root cell membranes. The present study was intended to 
investigate the effect of the nitrogen form on the mineral 
nutrition of red spruce seedlings in strongly acidic soil. 
Experiments with radishes that act as indicator plants were 
conducted. The radishes were grown in the same soils and 
subjected to the same experimental treatments as the red 
spruce seedlings. The experiments will help to test the 
hypothesis that Ca and Mg absorption in red spruce is 
inhibited by ammonia. 
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CHAPTER III 
MINERAL ELEMENTS IN FOREST TREES AND SOILS 
A. Introduction 
Studies of forest decline compared trees and forest 
stands that appeared to be under different stages of decline 
(Friedland et al., 1988; Oren et al., 1988; LeBlanc, 1990; 
Edfast et al., 1990). Differences in wood growth, foliar 
composition, root morphology, and soil chemistry due to acid 
precipitation have been reviewed by Schulze (1989). 
Evidence has shown that mineral nutrient deficiencies were 
factors that contributed to forest decline (Handler, 1987; 
Nebe, 1991) . The impacts of air-borne nitrogen deposited on 
needles and forest floors that lead to nutritional 
imbalances were reviewed by Roelofs et al. (1985), Rollwagen 
and Zasoski (1988), and Gijsman (1990b). 
The present study obtained information about foliar 
composition of red spruce from a healthy and a declining 
stand in western Massachusetts and needles from chlorotic 
fir trees at the summit of Mount Greylock. The objective 
was to search for indications of alterations in foliar 
composition of declining coniferous forest trees. 
Characteristics of a Spodosol in Mount Greylock State 
Reservation were evaluated to learn about possible impact of 
soil-borne factors on mineral nutrient concentrations in 
trees. The analysis focussed on the concentration of 
nitrogen, potassium, calcium, and manganese in foliage and 
in forest soils. 
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B. Materials and Methods 
1. Mineral Analysis of Healthy and Declining Red Spruce 
Leaf samples from mature red spruce stands (older than 
50 years) in western Massachusetts were analyzed for N, P, 
K, Ca, Mg, and Mn contents. Three trees in a healthy stand 
(West Cummington, Hampshire Co., Mass.) and four trees in a 
declining stand (Becket, Berkshire Co., Mass) were rated in 
January 1989 by Brayton F. Wilson and Gretchen C. Smith from 
the Department for Forestry and Wildlife Management at the 
University of Massachusetts at Amherst. The trees at the 
Becket location were severely defoliated and had no needles 
older than nine years. From the upper crowns (upper 5-10 
whorls) and the lower crowns (lower than 10 whorls from the 
top) of each tree, three branches were selected. Branches 
in the upper crowns were not older than 13 years, whereas in 
the lower crown branches were over 20 years old. From the 
three branches, samples of one-year-old, two-year-old, and 
five-year-old needles were detached, and needles of the same 
age were combined. Needles were combined using 5 grams from 
each of the three branches to obtain a homogeneous sample. 
Total nitrogen was determined by Kjeldahl digestion and 
distillation. Phosphorous was assessed colorimetrically 
(Watanabe and Olson, 1965). Potassium, calcium, magnesium, 
and manganese were determined by atomic absorption spectro¬ 
photometry of the dry ashed samples. 
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2. Sampling and Analysis of Balsam Fir Needles 
Branches from four balsam fir (Abies balsamea (L.) 
Mill.) at the top of Mount Greylock, Massachusetts were 
collected on November 20, 1991. The trees had similar 
heights and appeared to be in the same state of discolo¬ 
ration. The one-year-old needles had a dark blue-green 
color. The two-year-old needles were green with some yellow 
tips. Chlorosis of the entire needles was observed in the 
three-year-old needles. Needles older than three years had 
brown speckles, and branches towards the inside of the crown 
were defoliated. 
Three-year-old branches were taken from the mid-crown 
and the center of the limbs and stored frozen. One-, two-, 
and three-year-old needles were detached with a razor blade, 
separated, and used for chlorophyll a and b extraction in 
80% acetone (Holden, 1965) . The detached needles were 
dried, ground, and ashed. Mineral element concentrations 
(potassium, calcium, magnesium and manganese) were deter¬ 
mined in the ash. Total nitrogen was determined according 
to the Kjeldahl method. 
3. Forest Soil Sampling and Analysis 
Soils from forest stands on the foot of the westfacing 
slope of Mount Williams at 2300 ft elevation in Mount 
Greylock State Reservation, Berkshire County, Massachusetts, 
were collected for mineral analysis. At this site, the red 
spruce exhibited decline symptoms (needle-loss and death of 
trees) and was in a mixed stand with hardwood species. 
11 
Soils in The Greylock Range developed on glacial till 
derived from schist and are classified as loamy, mixed, 
frigid Lithic Haplorthods of the Lyman series and coarse- 
loamy, mixed, frigid Typic Haplorthods of the Tunbridge 
series (Scanu, 1988) . 
Two soil horizon descriptions were made on October 20, 
1991, in a oak, birch, red spruce stand and in a red spruce 
stand (Soil Survey Staff, 1990). Soil samples were 
collected from each horizon for mineral analysis. Two 
separate samples of 500 grams from the O and A horizons were 
collected on April 7, June 16, October 20, 1991, in an area 
of 10 meters radius around the center of the plots where the 
profile hole was dug later. From the air-dried soil 
samples, stones and coarse organic material were removed 
using a 2-mm mesh sieve. Concentrations of calcium, 
magnesium, and potassium were determined by extraction of 
soils in 1 M NH^ acetate (Rich, 1965) . Ammonium in soil was 
extracted by 1 M KCl solution (Bremner, 1965), and nitrate 
in soil was extracted in water and measured colorimetrically 
(Cataldo et al., 1975). Organic carbon was determined by 
ignition in a muffle furnace at 500*0. Soil pH was measured 
potentio-metrically in 1:1 soil water-suspension for the 
mineral soil and in 1:5 soil-water suspension for the 
organic soil. 
4. Statistical Analysis 
Red spruce stands were treated as individual plots the 
trees being replicates. Data were processed by analysis of 
12 
variance (ANOVA). The forest site was the main treatment, 
position in the crown, and needle ages were the subplots. 
Means of mineral element concentrations of the stands and 
crown positions were compared by least significant 
differences (LSD). Regression analysis was employed to 
compare effects of needle ages. Data obtained from the 
balsam firs were processed by ANOVA, the individual trees 
were the replicates. Needles ages were the independent 
variable for the regression analysis. For the data obtained 
from the organic and mineral soil horizons, differences were 
determined by a paired t-test. 
C. Results 
1. Mineral Element Composition of Healthy and Declining Red 
Spruce 
Elemental composition of trees in healthy and declining 
stands was determined for needles of different ages in the 
upper and lower crown positions (Table 3.1.). 
The overall means for the stands of phosphorous, 
calcium, magnesium and manganese were significant (Table 
3.2). Trees in the healthy stand had 0.3 mg P, 1.5 mg Ca, 
0.2 Mg, and 0.9 mg Mn g’^ dry weight higher concentrations 
than those in the declining stand (Table 3.1). Differences 
between the stands for phosphorous and manganese were sig¬ 
nificant at P < 0.05 and those for calcium and magnesium 
were signifiant at P < 0.1 (Tables 3.1 and 3.2). Diffe¬ 
rences in nitrogen and potassium between the stands were not 
significant (Table 3.2). 
13 
T
a
b
le
 
3
.1
. 
M
in
e
r
a
l 
e
le
m
e
n
t 
c
o
n
c
e
n
tr
a
ti
o
n
s
 
in
 
r
e
d
 
s
p
r
u
c
e
 
n
e
e
d
le
s
 
fr
o
m
 
a
 
h
e
a
lt
h
y
 
a
n
d
 
a
 
d
e
c
li
n
in
g
 
f
o
r
e
s
t
 
s
ta
n
d
. 
c in n n 
s 
• • • • . • • . . 
o o o o o o o o o 
CP VO ro 
m 
in VO 
CD 
in in 
73 
C 
• 
O 
• 
o 
• 
o 
• 
o 
• 
o 
• 
o 
• 
o 
. 
o 
. 
o 
fO 
cn 
<0 rH rH CO 
u 
n <p CO CP 
u 
CM ro 
CP C3 
• • • • • • • • . 
c fO CO CO r) <N OJ r» CO CO 
•H 
c 
•H 
1—1 00 CD 
rH 
• 
■p 0 
Q) 
Q 
« 
o 
• 
in 4
.
6
 
rH 
• 
< 
in 
• 
r' 
• • 
o 
• 
r) 
CO 
• 
>1 
p 
T5 
fH <p CO CP rH ov CO CP CP 
• • • • • • • • • 
CP c rH o o o c rH o o o o 
CP 0 o 
a 
p 
u oa rH o rH 
p 
o rH CNJ o rH rH rH rH rH rH rH rH rH rH rH 
in p p 
c 0) 0) 
0 a > 
•H a 0 
g rH 
<0 
P 
-P 
M
n
 CM 
• 
CO 
• 
r> 
• 
CM 
• 
rH 
• • 
VO 
• • 
■K 
CO 
c rH rH rH rH rH rH rH rH 
• 
0) rH 
u 
c 
0 CP 00 in 
< 
r- <p CO in 
< 4- 
u s 
• 
O 
• 
o 
• 
o 
• 
o 
• 
O 
• 
o 
• 
o 
• 
o 
• 
o 
rH 73 
<0 C 
4J <0 
C 
0) 
e 
0) 
W 
>1 
C
a
 CM 
• 
CO 
• 
r> 
CO 
• 
.o 
• 
CO 
rH 
• • 
in 
CM 
• 
(0 
r- 
• 
in 
-1- 
co 
• 
rH 
+j 
rH 
fO 
0) 
K 
00 
f 
VO 
• • 
r) 
CO 
CM 
• 
5
.5
 
n 
• 
in 
CM 
• 
< 
o 
• 
in 
VO 
• 
n o CM O CM Ht 
• • • • • • • • CM 
rH rH cH rH rH rH rH rH 
• 
rH 
rH rH o rH O rH <p o rH rH rH rH rH rH rH rH rH 
A
g
e
 U1 Ij c c 
<0 
0) 
>1 
rH CM in fC 0) 
g 
rH CM in fO 0) 
g 
< 
w 
s 
'■— 
in 
o 
• 
o 
VI 
a< 
c 
OJ 
rH 
o 
VI 
-p 
-p 
c 
(0 
u 
•H 
4-t 
•H 
c 
CP 
•H 
w 
0) 
u 
<0 
w 
Q) 
-P 
•H 
in 
TJ 
c 
(0 
in 
c 
o 
p 
u 
iw 
O 
in 
c 
o 
m 
•H 
u 
(0 
cu 
e 
o 
u 
p 
o 
w 
c 
<0 
0) 
s 
14 
i
f
 
f
o
ll
o
w
e
d
 
b
y
 
a
 
d
i
f
f
e
r
e
n
t
 
u
p
p
e
r
 
o
r
 
lo
w
e
r
 
c
a
s
e
 
l
e
t
t
e
r
,
 
r
e
s
p
e
c
ti
v
e
ly
, 
t
 
P
 
<
 
0
.1
, 
a
n
d
 
*
 
P
 
<
 
0
.0
5
 
f
o
r
 
c
o
m
p
a
r
is
o
n
s
 
o
f
 
s
ta
n
d
s
. 
T
a
b
l
e
 
3
.
2
.
 
R
e
s
u
l
t
s
 
o
f
 
A
N
O
V
A
 
a
n
d
 
r
e
g
r
e
s
s
i
o
n
 
a
n
a
l
y
s
i
s
 
f
o
r
 
n
e
e
d
l
e
 
a
g
e
 
o
f
 
e
l
e
m
e
n
t
a
l
 
c
o
n
c
e
n
t
r
a
t
i
o
n
s
 
i
n
 
r
e
d
 
s
p
r
u
c
e
. 
m 
c 
Q> 
g 
Q) 
(H 
w 
u 
0) 
c 
•H 
s 
c 
(0 
o 
ro fN VO n CO 
CM VO OJ CM o CO 
o n CO CM CM iH 
o o o o O o o 
<^ in o r- VO 
VO o in <T> CO VO 
o o o a\ o CM CM 
0) 
d 
o o o o o o o 
fH 
fd 
> 
1 
Pm 
o n rH o ov ov CM 
r>- o o CM CM 
0) o fVJ o o o o eH 
-P o o o o o o o 
<4-1 
o 
0) 
CJ CM CO o CO CM o 
c M* CM o rH CO CO 
fd in in o o a\ 
u 
•H o o o o o o o 
<4-1 
•H 
c 
b> 
CO o o CO 
CM o CJV o CO 
1^ O o rH o 00 
O o o o o o o 
in o o CM r- o 
CO o CO r' CM r- 
2 o in VO 
o o o o o o o 
in 
0) 
r—I 
T3 
0) 
Q) 
Z 
<4-1 
o 
o 
b» 
< 
-p 
w 
c 
•H TJ 
(C C 
bi (U 
<0 4-> 
W 
c 
o >1 
•H 
0) 4-> 
W .H 
0) fd 
U 0) 
bK 
0) 
<4-1 
o 
0) 
u 
c 
(d 
u 
•H 
<4-1 
•H 
C 
b 
•H 
CO 
I 
■K 
■K 
•K 
•K 
■K 
♦ 
■K 
■K 
•»c 
■K 
•K 
0) 
U 
p 
p 
o 
CO 
< 
CO 
'— c < pi. < < X 
TJ 0 X X X pi. 
C 
fd 
+J 
-p 
•H 
in 
0 
A
g
e
 
CO CO pi. X 
CO CO 
u 
u 
(d 
0) 
c 
•H 
u 
•H 
-p 
(d 
P 
T3 
<d 
b 
a 
fd 
■K U 
■K "H 
-K <4-1 
•H 
T5 C 
C b 
fd "H 
in 
' C 
•K o 
•K c 
■K I 
15 
s
i
g
n
i
f
i
c
a
n
t
 
a
t
 
P
 
<
 
0
.0
5
, 
0
.0
1
, 
a
n
d
 
0
.0
0
1
, 
r
e
s
p
e
c
t
i
v
e
l
y
.
 
Crown position had little effect on mineral element 
concentrations in foliage of red spruce. Concentrations of 
potassium in the lower crowns of healthy trees were 0.8 mg 
g*^ higher than those in the upper crowns, whereas in the 
upper crowns of declining trees 0.4 mg g'^ higher 
potassiumconcentrations were present compared to those in 
the lower crowns (Table 3.1). Differences of potassium 
between crown positions were significant at P < 0.1 (Table 
3.1) . 
The calcium concentrations in the lower crowns of trees 
in the healthy stand were 1.8 mg g'^ higher than those in 
the upper crowns (Table 3.1). Calcium concentrations in the 
lower crowns of healthy trees were 2.5 mg g*^ higher than 
those in the lower crowns of declining trees (Table 3.1). 
Differences among crown positions of healthy and declining 
trees were significant (Table 3.1). An accumulation of 
calcium in the lower crown of declining trees was not 
observed. Magnesium and manganese concentrations were not 
different for crown position within the trees for healthy or 
declining trees (Tables 3.1 and 3.2). Magnesium was 
significant for crown position at P < 0.1 between healthy 
and declining trees (Table 3.1). 
In five-year-old needles nitrogen, phosphorous, 
potassium, and magnesium concentrations were lower and 
calcium concentrations higher than those in one-year-old 
needles (Table 3.1). The effect of age on elemental concen¬ 
trations in needles was significant in both stands for 
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nitrogen, phosphorous, potassium, and manganese (Table 3.2). 
The regression for the stands separately was significant for 
calcium and magnesium but not for manganese (Table 3.2.). 
In healthy and declining trees, nitrogen and phoshorous fell 
linearly between one- and five-year-old needles (Table 3.2). 
Potassium between one- and five-year-old needles 
decreased by 1.3 and 1.7 mg g'^ in lower crowns of healthy 
and declining trees, respectively. In the upper crowns of 
healthy trees five-year-old needles had 1.4 mg K g’^ less 
than one-year-old needles, whereas the difference in decli¬ 
ning trees was only 0.9 mg K g'\ Potassium concentrations 
fell linearly with increasing age of needles (Tables 3.1 and 
3.2) . 
Calcium concentrations in five-year-old needles of 
upper crowns in the healthy trees were 1.6 mg g*^ higher and 
on the lower crown 3.1 mg g'^ higher than those in one-year- 
old needles and increased linearly with needle age (Tables 
3.1 and 3.2). Differences of calcium in one- and five-year- 
old needles in the foliage of declining trees was 0.7 mg g*^ 
in the upper crown and 1.0 mg g’^ in the lower crown (Table 
3.1). The regression for calcium against age of needles was 
linear (Table 3.2). 
Magnesium decreased between one- and five-year-old 
needles by 0.3 and 0.4 mg g’^ in upper and lower crowns of 
healthy and decling trees (Table 3.1). Magnesium concen¬ 
trations decreased strongly linear with increased age of 
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needles (Tables 3.1 and 3.2). For manganese no trend was 
significant regarding needle age (Table 3.2). 
2. Mineral Element Composition and Chlorophyll 
Concentrations in Balsam Fir 
Mineral nutrient and chlorophyll concentrations in 
chlorotic balsam fir trees from Mount Greylock were 
evaluated for one-, two-, and three-year-old needles (Table 
3.3). Nitrogen, potassium, magnesium, and chlorophyll 
concentrations decreased as the age of the needles 
increased. The difference in nitrogen between one- and 
three-year-old needles was 3 mg g’\ Potassium, magnesium, 
and chlorophyll concentrations in one-year-old needles were 
approximately 30 % less than those in three-year-old 
needles. Nitrogen, potassium, magnesium, and chlorophyll 
concentrations decreased linearly with leaf age. The 
regression was highly significant (P < 0.001) for magnesium 
and chlorophyll. Calcium and manganese concentrations were 
lowest in the youngest needles. Calcium concentrations were 
not different among the needle ages. 
The trees which appeared similar in discoloration had 
variable concentrations of potassium (2 to 3.1 mg g'^) , 
calcium (1.6 to 9.3 mg g'^) , magnesium (0.5 to 0.7 mg g'^) , 
manganese (0.2 to 0.8 mg g'^) , and chlorophyll (0.5 to 1.0 
mg g'^) in one-year-old needles. Nitrogen did not vary 
among trees (12 to 14 mg g*^) . 
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3. Forest Soil Acidity, Mineral Element and Organic Matter 
Concentrations 
Two soil profiles that were dug on the westfacing slope 
of Mount Williams in Mount Greylock State Reservation 
exhibited common physical and chemical features (Table 3.4). 
Soil development reached to a depth of 60 cm to the greenish 
mica schist parent material. The texture was sandy loam 
with 5 % gravel by volume. At 40 cm depth in the BC 
horizon, a few, coarse, distinct low chroma (7.5 YR 7/2) and 
high chroma (7.5 YR 5/8) mottles indicated presence of a 
seasonal water table and a moderately well drained soil. 
The spodic (Bs) horizon in both profiles had a bright orange 
color (10 YR 5/6). The boundary to the A horizon was wavy 
and the A horizon material was mixed within the Bs horizon 
due to windthrow of trees. 
In the red spruce stand, only needle litter contributed 
to the O horizon, and no undergrowth was present. The A 
horizon in the red spruce stand was very dark brown (7.5 YR 
3/3) and was thicker than in the hardwood stand. The 
organic material in the hardwood stand consisted of litter 
from paper birch, oak, hemlock, ferns, and red spruce. The 
A horizon in the hardwood stand was dark brown (7.5 YR 4/4) 
and the Bsl horizon was yellowish brown (10 YR 5/4). The 
profile was mapped as a Typic Haplorthod (Soil Survey Staff, 
1990). In the O and A horizons in the hardwood and red 
spruce stand, fine roots were plentiful. Coarse roots of 
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0.5-cin diameter with fibrous laterals growing deeper than 60 
cm. 
Soil organic matter content decreased with depth (Table 
3.4). Soil pH rose with depth. Concentrations of calcium, 
magnesium, and potassium were relatively high in the 0 
horizon. Calcium was the most abundant cation in the O 
horizon. Mineral element concentrations fell abruptly from 
the organic to the mineral horizon. Not much difference in 
cation concentrations occurred between the mineral horizons. 
According to a t-test, calcium, magnesium, and 
potassium concentrations in the organic horizon were 
significantly higher than those in the mineral horizon 
(Table 3.5). The soil samples taken in April contained 
somewhat higher concentrations of calcium, magnesium, and 
potassium than those taken in June and November (Table 
3.5.). Calcium concentrations especially tended to decrease 
between April and November in the O and A horizons. Magne¬ 
sium, potassium, and pH were less affected than calcium. 
Concentrations of 2.0 to 8.0 mg NH^"^ kg'^ air-dried soil were 
measured in the organic soil. The mineral horizons had no 
detectable NH^"^. If the weight of the organic horizon is 
estimated to be 250,000 kg (5.0 cm thickness, 0.5 kg dm‘^) , 
the total amount of ammonium ha'^ would be 0.5 to 2.0 kg. 
Nitrate nitrogen in each horizon was below the detection 
range of 1.0 mg kg’\ 
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Table 3.4. Acidity, organic matter and mineral element 
concentrations in two Typic Haplorthod profiles in 
Mount Greylock State Reservation, Massachusetts. 
Horizon depth 
(cm) 
OM(%)* pH 
Element 
Ca 
(meg 
Mg 
kg-') 
K 
Hardwood- -Red Spruce 
0 7-0 78 3.4 25.0 8.8 10.9 
A 0-16 16 3.7 1.6 1.4 1.2 
Bs 16-40 14 3.9 0.9 0.7 1.0 
BC > 40 2 4.4 1.3 0.3 1.4 
Red Spruce 
0 6-0 87 3.6 66.1 18.5 21.1 
A 0-11 63 3.9 2.4 2.6 2.2 
Bs 11-35 14 4.1 0.8 0.7 1.2 
BC 35-60 7 4.2 0.6 0.4 0.3 
* Organic matter, loss on ignition. 
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Table 3.5. Acidity and mineral element concentrations in 
soil samples from a hardwood-red spruce and a red 
spruce stand in Mount Greylock State Reservation, 
Massachusetts, collected on three different dates. 
Element meq kg‘^ 
Horizon Date pH Ca Mg K 
Hardwood- -Red Spruce 
0 4/9/91 3.8 84* 20* 20* 
6/16/91 3.6 77* 14* 26* 
11/20/91 3.7 45* 14* 21* 
A 4/9/91 3.9 5 2 2 
6/16/91 3.7 4 1 1 
11/20/91 3.7 2 1 1 
Red Spruce 
0 4/9/91 3.7 116* 19* 21* 
6/16/91 3.7 40* 13* 15* 
11/20/91 3.6 42* 9* 17* 
A 4/9/91 3.8 6 2 2 
6/16/91 3.9 2 2 2 
11/20/91 3.6 3 1 1 
* Elements in O horizon are different from A horizon by 
t-test (P < 0.01) by date. 
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D. Discussion 
1. Red Spruce 
The present study assessed the mineral element compo¬ 
sition in a red spruce stand which appeared to be under 
decline compared with that of a healthy red spruce stand. 
The following discussion will evaluate as to whether the 
declining stand suffered mineral element deficiencies and if 
there were indications for the causes of any elemental 
disorder. 
Studies in Germany have detected mineral nutrient 
deficiencies in Norway spruce fPicea abies (L.) Karst.] in 
which chlorotic needles and needle loss were apparent. 
Critical foliar concentrations for spruce were determined as 
guidelines for forest fertilization (Siichting, 1949; 
Wittich, 1959). Needles should not contain less than 12.0 
mg N g'\ 1.2 mg P g‘\ 4.0 mg K g'\ 3.5 mg Ca g’\ and 0.5 mg 
Mg g'^ to provide healthy tree growth and maximum wood 
growth. Recent studies reported that healthy spruce had 
more than 0.5 mg magnesium g*^ and 4.0 mg calcium g'^ dry 
weight in two-year-old needles (Zech and Popp, 1983; Handler 
et al., 1987) and that chlorotic spruce had magnesium 
concentrations as low as 0.3 mg g'^ in one-year-old needles 
(Schulze et al., 1987). Zottl (1990) suggested a require¬ 
ment of higher than 12 mg N, 1.2 mg P, 4 mg K, 3.5 mg Ca, 
and 0.6 mg Mg g'^ dry weight in needles from top whorls in 
order to avoid mineral nutrient deficiencies in Norway 
spruce and to prevent restricted wood production. 
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Huntington et al. (1990) reported concentrations between 1.0 
to 1.4 mg P q‘\ 1.9 to 3.2 mg Ca g‘‘' and 0.6 and 0.7 mg Mg g* 
^ in dry needles of apparently healthy red spruce at Mt. 
Moosilauke, New Hampshire. 
As opposed to chlorosis as a symptom of decline in 
Norway spruce, red spruce in the northeastern United States 
seldomly exhibits needle yellowing (Bruck, 1985). Bruck 
(1985) also observed that trees in a declining stand lost 
large amounts of needles without showing chlorosis in the 
remaining foliage. The nitrogen and potassium concentra¬ 
tions in the foliage of the red spruce in the present study 
were not different between the healthy and the declining 
stand. Trees accumulated around 11 mg nitrogen g*^ and 5 mg 
potassium g’^ in one-year-old needles (Table 3.1.). These 
concentrations were low compared to those reported in the 
literature. The nitrogen and potassium concentrations of 
one-year-old needles of healthy Norway spruce given in the 
studies by Senser and Hopker (1989) were 15.0 and 
7.0 mg g'\ respectively. According to the standards 
reported by other workers (Siichting, 1949; Baule and 
Fricker, 1967), nitrogen and potassium therefore, appeared 
to be limiting in both the healthy and declining trees in 
the present study. 
Healthy trees had higher phosphorous concentrations 
that were sufficient at 1.4 mg g’^ in one-year-old needles 
as opposed to levels in declining trees which were less than 
1.2 mg g*”' and insufficient when compared to critical 
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concentrations (Wittich, 1959; Zottl, 1990). Calcium accu¬ 
mulated in the lower crowns and five-year-old needles of 
healthy trees. Calcium was expected to be higher in older 
tissue because it is transported by the transpiration stream 
in the xylem and not translocated from its original site of 
deposition due to its immobilization in the tissue. Decli¬ 
ning trees in the present study had lower overall calcium 
and little accumulation of calcium in the older foliage. 
Calcium concentrations of 3.2 mg g'^ in one-year-old needles 
of the upper crown were critical according to the 3.5 mg g’^ 
threshold value obtained from Norway spruce but were normal 
compared to those reported by Huntington et al. (1990). 
Schulze et al. (1987) detected lower calcium accumulation in 
the older needles of declining Norway spruce and suggested 
an efflux of calcium due to foliar leaching. 
Low acquisition of calcium in the declining trees may 
be inherent to the soil or due to the morphology of the root 
system. Huntington et al. (1990) found a positive corre¬ 
lation between the calcium and magnesium concentrations in 
the foliage of red spruce and the amount of exchangeable 
calcium and magnesium in the O horizon of a soil at Mount 
Moosilauke, New Hampshire. Schulze et al. (1987) observed a 
high abundancy of root tips and mycorrhizal infected fine 
roots in nutrient-rich 0 horizons. They also reported that 
the composition of the xylem sap in Norway spruce was 
correlated with the calcium and magnesium concentrations 
detected in the 0 horizon and in the foliage. The relation- 
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ship between fine roots located in the O horizon and mineral 
nutrition was apparent during drought, for mineral element 
concentrations in the xylem sap decreased when the O horizon 
dried. 
Becket soils, in the declining stand, are Typic 
Fragiorthods on granitic gneiss bedrock that are lower in 
calcium than the micaceous schist bedrock in the nondecli¬ 
ning stand at West Cummington. In the O horizon of the 
Becket site, concentrations of calcium, magnesium, and 
potassium were 25.0, 5.7, and 3.8 meg kg’\ respectively 
(W.J. Manning, Univ. of Massachusetts personal communi¬ 
cation) . These calcium concentrations are somewhat lower 
than in the 0-horizon of the high elevation hardwood forest 
(Table 3.4. and 3.5.) soils of which were derived from mica 
schist. 
The manganese concentrations in the red spruce in the 
declining stand was 30 % of that in the healthy trees (Table 
3.1.). Little is reported about manganese deficiency in 
coniferous trees grown in acid soils. Huntington et al. 
(1990) reported 0.7 to 1.3 mg Mn g'^ in young needles of 
healthy red spruce. In Norway spruce grown on calcareous 
bedrock, manganese deficiency was observed at needle 
concentrations of 0.004 to 0.015 mg g'^ (Zech, 1973). 
According to these figures, neither manganese toxicity nor 
manganese deficiency occurred in the red spruce from the 
sites in West Cummington and Becket. 
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Another aspect of the present study was to compare the 
mineral element concentrations in the upper and lower crowns 
of the trees. Calcium concentrations in the lower crowns of 
healthy trees were higher than those in the upper crown, an 
observation which was not true in the declining trees. This 
difference could be an indication for disturbed Ca nutrition 
in the declining trees. Phosphorous and magnesium concen¬ 
trations were not different between the upper and the lower 
crown in the healthy or declining trees. These results 
suggested that phosphorous and magnesium were well distri¬ 
buted throughout the crown. If deficiency was present, it 
was not severe enough to suggest translocation of magnesium 
into the upper part of the crown with the resulting deple¬ 
tion of phosphorous and magnesium in the lower crown. There 
is little information in the literature about the distribu¬ 
tion of mineral elements in crowns of coniferous trees. In 
most studies available, foliage samples were taken from 
branches in upper crown parts of forest trees, ignoring the 
lower canopy. 
Differences in magnesium concentrations among needle 
ages suggest possibilities of magnesium deficiencies. In 
one-year-old needles of red spruce from the healthy site in 
West Cummington or the declining site in Becket (Table 3.1), 
magnesium concentrations were between 0.7 and 0.8 mg Mg dry 
weight and can be considered as sufficient based on the 
results of previous studies (Siichting, 1949; Wittich, 1959; 
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Zottl, 1990). In five-year-old needles from the declining 
site, the magnesium concentrations were deficient 
(0.3 mg g’^) . 
Magnesium deficiency in older needles may not represent 
the health status of a tree, for magnesium is translocated 
from older needles to the younger needles. Schulze et al. 
(1987) estimated that 0.13 mg g'^ of the 0.5 mg g'^ magnesium 
in the dry one-year-old needles of Norway spruce originates 
from the older needles with the remainder being delivered by 
the stem directly from the soil. Older Norway spruce 
needles became chlorotic when the delivery of magnesium from 
the soil was inhibited. The relationship between magnesium 
and nitrogen in mature needles from Norway spruce was 
studied thoroughly by Schulze (1989). Magnesium was trans¬ 
located into younger needles during the growing season. The 
rate of the translocation of magnesium was dependent on the 
nitrogen concentrations in one-year-old needles. The higher 
the nitrogen levels in the youngest leaves, the more 
advanced the magnesium deficiency of the older needles. 
Rapidly developing chlorosis in Norway spruce was observed 
in many locations in Germany and described as "acute 
yellowing" (Handler et al., 1987). A magnesium fertilizer 
amendment allowed greening of formerly chlorotic needles 
(Kaupenjohann et al, 1987; Beyschlag et al., 1987). 
Trees at the declining site which suffered severe 
needle loss differed little in nitrogen and potassium 
concentrations but exhibited lower phosphorous, calcium, and 
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magnesium concentrations compared to trees at the healthy 
site. Nitrogen and potassium concentrations in the foliage 
of healthy and declining trees were at incipient deficiency 
according to values reported in the literature. Calcium was 
probably less abundant in the soil derived from granitic 
gneiss in the declining stand. It is most likely that trees 
at the healthy and the declining site were at the threshold 
of deficiency in plants nutrients and that in declining 
trees phosphorous, calcium, and magnesium in particular 
became limiting. The mineral nutrient deficiencies in the 
red spruce are probably soil inherent and may have origi¬ 
nated from element depletion in the soil. 
2. Balsam Fir 
Mineral elements in balsam fir from Mount Greylock were 
determined to evaluate mineral nutrient deficiencies as the 
cause of the observed discoloration in the foliage. All 
mineral elements except nitrogen were highly variable among 
the trees. The chlorotic, three-year-old needles had rela¬ 
tively high nitrogen concentrations compared to the two- 
year-old, normal appearing of red spruce (Table 3.1.). Some 
of the nitrogen supplied to the plants may originate from 
the absorption of atmospheric nitrogen from clouds and mist. 
Firs were at a higher elevation than the red spruce. Lovett 
et al. (1982) reported a high efficiency of balsam fir 
forests to capture cloud droplets. Balsam firs at 3600 ft 
elevation (Mount Moosilauke, New Hampshire) were frequently 
submerged in clouds and exposed to the dissolved ions that 
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are carried by the clouds and the annual nitrogen deposition 
was 16.3 kg and 102 kg NOj' ha’^ (Lovett et al., 1982). 
Recent studies support the hypothesis that leaf- 
absorbed nitrogen causes mineral element imbalances in 
coniferous trees. Hambruckers and Remade (1991) detected 
higher phosphorus, and potassium concentrations in 
chlorotic and magnesium-deficient needles of Norway spruce 
than in normal foliage. Douglas-fir foliage in western 
Washington retained about 90 % of the NH^'^ from the precipi¬ 
tation water where the annual input was 4.5 kg N ha’^ (Van 
Miegroet and Cole, 1985). The absorption of the air-borne 
nitrogen seems to be dependent on the nitrogen concentration 
in the precipitation. In the Netherlands where the yearly 
deposition was as high as 40 to 60 kg N ha*\ NH^^ concen¬ 
trations collected under trees were higher than those in the 
precipitation, as NH^* appeared to be leached from the 
crowns (Roelofs et al., 1985; Van Breemen et al., 1984). 
Potassium in balsam fir from Mount Greylock ranged from 
1.9 to 2.7 mg g’^ in the dry needles. Senser and Hopker 
(1989) identified potassium chlorosis of needles with these 
concentrations in Norway spruce. In one-year-old spruce 
needles of healthy trees, the potassium concentrations were 
described as being double those of calcium concentrations 
(Huntington et al., 1990; Kandler et al., 1987). The 
potassium concentrations in the balsam fir needles from 
Mount Greylock were lower than the calcium concentrations. 
A characteristic browning of the needle tips as a symptom of 
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potassium deficiency described in Baule and Fricker (1967) 
was not apparent in the balsam firs. Magnesium between 0.4 
and 0.6 mg g’^ in the one- and three-year-old needles of the 
balsam firs at Mt. Greylock (Table 3.3) was at the threshold 
of deficiency measured in standards obtained from spruce 
(Wittich, 1959; Zottl, 1990). A large variability in 
mineral element concentrations occurred between neighboring 
trees. This variability makes it very difficult to draw 
conclusions about the health status and the impact of plant 
nutrients in mature forest trees (Krivian and Schaldach, 
1986). 
Magnesium deficiency combined with potassium deficiency 
in the balsam firs may be the causal factor for the nitrogen 
and chlorophyll loss in these chlorotic trees. Degradation 
of chlorophyll is generally due to protein loss during sene- 
scense (Allinger et al., 1969). The deficiency of mineral 
elements, e.g. magnesium, that regulate enzyme activity and 
anabolic processes in protein metabolism is an important 
cause for the deterioration of chlorophyll (Baszyski et al., 
1980). 
In coniferous trees, however, chlorophyll deterioration 
in older needles occurs naturally during spring when the new 
flush starts to grow, but older needles will regain green 
color when magnesium is delivered from the stem directly 
from the soil (Kostner et al., 1989; Lange et al., 1989). 
Kostner et al. (1989) reported that chlorophyll concentra¬ 
tions in spruce needles were dependent on magnesium concen- 
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trations, but in contrast needles with low chlorophyll 
content had no decreased photosynthetic rates than greener 
needles. This result suggested that chlorotic trees must 
not necessarly have decreased carbon assimilation as 
reported in a study of Mengel et al. (1988). Other workers 
suggested that injuries to the canopy due to acid rain 
affect photosynthate and mineral element allocation in 
forest trees. Applications of acidic mist (pH 1.7) have 
reduced photosynthesis in Norway spruce seedlings (Leisen 
and Marschner, 1990). Acidic mist induced restriction of 
phostosynthesis, reduced rates of carbohydrates transported 
into the roots and conseguently restricted root growth and 
mineral nutrient uptake (Mengel, 1988). 
The apparent magnesium and potassium deficiency in the 
balsam firs may have been due to low availability in the 
soil. In this case, the chlorosis could have been induced 
by magnesium translocation from the older to the younger 
needles as described previously. The soil analysis of the 
sites 1000 ft below the location of the balsam fir on the 
summit of Mt Greylock (Table 3.4. and 3.5.) showed a lesser 
abundancy of magnesium and potassium than calcium, so 
magnesium and potassium may be limiting factors in these 
soils. It can be suggested that the shallow soil at the 
mountain top provided even less mineral nutrients than the 
Spodosols downslope. 
Low magnesium and potassium concentrations probably 
induced chlorophyll loss in three-year-old needles of balsam 
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fir that was probably due to lessened protein synthesis. 
Magnesium and potassium deficiency was most likely induced 
by low concentrations in the soil. A contribution of nitro¬ 
genous compounds from cloudwater to foliar nitrogen is a 
possible explanation for relatively high nitrogen concentra¬ 
tions in the needles. 
3. Soil Profiles and Soil Chemistry 
The determination of the physical and chemical soil 
characteristics at the site in the Mount Greylock State 
Reservation provided a better understanding of the soil in 
which high elevation forest trees grow. The results 
obtained permit discussion of acidification, cation 
leaching, and mineral element deficiencies in forest soil 
and trees. 
The properties of the described soil profiles (Table 
3.4.) corresponded with the findings with other forested 
soils in New England. Dethier et al. (1988) reported 
similar values for acidity and calcium and potassium concen¬ 
trations in a profile of a Haplorthod in Mount Greylock, 
State Reservation. Dethier et al. (1988) determined large 
amounts of soluble SO^^’, Al^*, and dissolved organic carbon 
in the A and B horizons. They concluded that organic matter 
controlled the soil pH and the cation exchange capacity 
(CEC), which was 100 cmol kg'^ in the O horizon and 25 cmol 
kg'^ in the A horizon. The pH of the 0-horizon in all soil 
samples (Table 3.6.) was one unit lower than in the A 
horizon where less organic material was present. In soils 
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from New England studied by Federer and Hornbeck (1985), 
calcium occupied the largest portion of exchangable ions as 
was detected also in the soils from the site at Mount 
Greylock. The buffer capacity was about 100 meg kg’^ pH'^ in 
the organic matter, uniformally in New England forest floors 
(Federer and Hornbeck, 1985). 
It is debated whether the acidity of the topsoil is due 
to the organic acids of the tree litter or if acidic preci¬ 
pitation acidifies soils. Krug and Frink (1983) ascribe the 
acidification of the soils and aquifers in New England to 
changes in land use. By the turn of the last century, 
farming in New England was abandoned, and reforestation took 
place. The altered vegetation had an important influence on 
soil acidity. Coniferous trees have a high capacity to 
release organic acids from their litter (Riha et al., 1986). 
The genesis of the spodosols that occurred at the studied 
forest sites can be explained as a function of parent 
material, vegetation, and climate (Buol et al., 1980). 
Federer and Hornbeck (1985) determined that it would 
take approximately 40 years to decrease the pH in an entire 
profile by one unit with today's acidity in the precipita¬ 
tion and 1000 mm rainfall per year. In the eastern United 
States, soil acidification therefore may be due to soil 
borne factors. However, the atmospheric proton input in 
western Europe exceeds the internal proton source by far so 
that evidence was found that acid rain indeed acidified 
soils (van Breemen et al., 1984; Kuylenstierna and Chadwick, 
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1991). Molitor and Raynal (1982) reported leaching of ions 
in soils of a hardwood and a coniferous stand in the 
Adirondack Mountains of New York. The concentrations of 
sulphate, calcium, magnesium, and sodium in the water 
leaving the sola were higher than in the rain water. 
The calcium concentrations in the organic soil and the 
A horizon (Table 3.5.) decreased slightly between April and 
November. The loss of calcium in the topsoil is probably 
due to mineralization of the decaying organic material. 
Mineral nutrients from the needle litter appear to remain in 
the O horizon. The soil analytical data do not provide 
sufficient information to draw the conclusion that calcium 
was washed to deeper horizons. The generally low exchange¬ 
able mineral element concentrations in the subsoil are due 
to the parent material, the degree of soil development of 
New England soils, and the low CEC that is reduced in low pH 
ranges (Veneman and Bodine, 1982; Federer and Hornbeck, 
1985; Dethier et al., 1988). 
Red spruce that grow in shallow soils which are low in 
mineral nutrients must use the available elements very 
efficiently to remain in healthy condition. The relatively 
nutrientrich O horizon appears to be an important pool for 
mineral elements in the nutrient cycle of forests. 
36 
CHAPTER IV 
EXPERIMENTS WITH INDICATOR PLANTS TO ASSESS 
MINERAL NUTRITION IN ACID SOIL 
A. Introduction 
Nutrition of plants in the forest depends on internal 
nutrient cycling within the forest system, the release of 
mineral nutrients from the soil, and import of elements in 
precipitation. Organic material represents the major source 
of potassium, calcium, and magnesium, because mineral soil 
is low in nutrients and contributes little to the nutrition 
of forests (see Chapter III). Forest soils are highly 
acidic. In acid soils, calcium and magnesium become 
limiting to plants due to their low abundance in the soil 
and due to ionic competition at the root-soil interface 
(Arnon and Johnson, 1942). In low pH ranges, aluminum and 
manganese can be toxic to roots and inhibit mineral nutrient 
uptake in acid soils (Foy et al., 1978). Nutritional 
disorders in plants grown in acid soils have been studied 
thoroughly and, studies have employed the use of indicator 
plants to assess mineral element deficiencies, e.g., calcium 
deficiency (Jackson, 1967). Radishes appeared to be a good 
indicator plant because they grow fast and have a high 
calcium requirement (Barker et al., 1988). 
Nitrogen nutrition may add another stress to plants. 
Ammonium is the predominant nitrogen form in acid soil 
because bacteria that oxidize NH^* released from the organic 
matter are not funtional at low pH (Alexander, 1965). 
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Plants do not tolerate ammonium nutrition when pH in the 
medium is below 6.0 and when calcium supply is limited 
(Street and Sheat, 1958). 
Two experiments were designed to study growth of 
radishes as indicator plants to assess the fertility of 
forest soils with respect to calcium and magnesium. 
Radishes have a high calcium requirement and are sensitive 
to form and amount of nitrogen (Barker et al., 1983; Barker 
et al., 1988). The first experiment evaluated the capacity 
of the organic horizon and the mineral horizon soil to 
provide calcium and magnesium. Liming treatments were used 
to study the effects of soil acidity on plant growth and 
mineral composition. In the second experiment, indicator 
plants were subjected to ammonium nutrition and amendments 
of calcium and magnesium to assess the capacity of ions 
to affect calcium and magnesium accumulation in radishes 
grown in the soil from the organic horizon. 
B. Materials and Methods 
1. Nutrition of Indicator Plants in Organic and Mineral 
Horizons 
Radishes (Raphanus sativus L.) cultivar Cherry Belle 
were seeded in soil from the O and A horizon of a Typic 
Haplorthod obtained from a hardwood-red spruce stand in 
Mount Greylock, State Reservation (see Chapter III). The 
soils were collected in bulk in October 1990 and stored in a 
dark, cold room until the experiment was started in 
December. Coarse organic material and stones were removed 
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by hand before the soils were placed in 6-inch diameter x 
4.5-inch deep pots (1.8 L). Radishes were sown 1 cm deep 
% 
and were thinned gradually to five plants per pot. 
After one week, the nutrient solution treatments were 
started (Table 4.1). Nutrient solutions were based on 
Hoagland*s No. 1 solution (Hoagland and Arnon, 1950) with 10 
mM NO3. Treatment 1 was calcium- and magnesium-deficient. 
In treatments 2 and 3, the pots received a CaCOj amendment 
of 2.0 and 4.0 grams per pot, respectively. Treatment 4 and 
5 received a 5.0 mM calcium chloride and 2.0 mM magnesium 
sulfate amendment, respectively. Nutrient solutions were 
applied daily in 100-ml portions for 28 days. After the end 
of the experiment the acidity of the soil in the pots was 
measured with a potentiometrically using a 1:1 and 1:5 soil- 
water suspension for A horizon and O horizon soil, 
respectively. 
2. Effects of NH^"*^ on Growth and Mineral Element Composition 
of Indicator Plants 
This experiment assessed the role of magnesium and 
calcium amendments in combination with ammonium nutrition of 
indicator plants. Radishes were grown in soil from the O 
horizon of a hardwood-red spruce stand (pH 3.6) and with a 2 
g per pot CaCOj treatment. Ammonium was applied at 7.5, 
10.0, 12.5, 15.0, or 17.5 mmol L'^ from a nutrient solution. 
Each plot was subdivided in three subplots with calcium in 
combination with magnesium (CA+MG), calcium alone (CA), or 
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Table 4.1. Composition of the nutrient solutions for 
nutrition of indicator plants in organic and mineral 
horizons. 
Salts 
Treatment 
1 
(0) 
2 and 3 
(+CaC03)’‘ 
4 
(+Ca) 
5 
(+Mg) 
Concentration of the Salt (mM) 
Ca(N03)2 — — 5 — 
KNO3 5 5 — 5 
KH2P0^ 1 1 1 1 
NaN03 5 5 — 5 
KCl — — 5 — 
Mgso^ — — — 2 
* Treatment 2, 2 . 0 g CaC03; : treatment 3 , 4.0 g CaC03 per pot 
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magnesium alone (MG) applied in the nutrient solution. The 
concentrations were 5 mM calcium as CaCl2 and 2 mM magnesium 
as MgSO^. The other elements and micronutrients were 
applied as suggested for Hoaglands No. 1 nutrient solution 
(Hoagland and Arnon, 1950). The treatments were applied 
over a period of 28 days, and each pot received 1.2 liters 
of nutrient solution in total. 
3. Statistical Design and Analysis 
The first experiment had a split plot design with 4 
replicates. The liming and the calcium and magnesium salt 
treatments were the main plots with the O and A horizon soil 
growth media as subplots. Data were processed by analysis 
of variance (ANOVA). The means were compared by least 
significant difference (LSD). 
The second experiment had a split plot design with the 
ammonium treatments being the main plots and the calcium and 
magnesium treatments the split plots having five replicates. 
The data were processed by ANOVA. The effects of the 
ammonium treatments were assessed by regression analyses. 
Within ammonium treatments the calcium and magnesium 
treatments were compared by LSD. 
C. Results 
1. Nutrition of Indicator Plants in Organic and Mineral 
Horizons 
Radishes germinated within 3 days in the acidic forest 
soils but exhibited yellowing of the cotyledons and death of 
the roots soon thereafter. To replace the dead plants. 
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transplants of 8-day-old radish plants were taken from pots 
that had a CaCO^ amendment. Growth of the transplanted 
radishes continued poorly in all pots without CaCOj 
treatment so that very little plant material was harvested 
in treatment 1, 4, and 5. Radishes grown in O horizon soil 
produced dry weights of 0.8 to 2.4 g per pot. In the pot 
filled with mineral soil, the radishes weighed between 0.6 
and 1.8 g. The leaf blades did not expand and had a 
yellowish color except for the very green but small leaves 
of plants treated with magnesium. The samples of the two 
forest sites were combined so that four replicates for each 
treatment and soil type (A and O horizon) were obtained. 
In treatment 1, where no calcium or magnesium was 
added, the acidity of the organic horizon soil was pH 3.9 
and of the mineral horizon was pH 4.2. The 4 g CaCOj 
amendment increased the pH in the soil up to 5.2 in the O 
and A horizon. The soil pH was 3.6 in the 0 horizon and 3.8 
in the A horizon in treatment 4 and 5. 
Radishes in all treatments accumulated between 5.0 and 
6.0 % total nitrogen with no apparent difference due to 
treatment. The treatments and the soil type had impacts on 
the potassium, calcium, and magnesium concentrations in the 
radishes (Table 4.2). Potassium concentrations were not 
affected by soil or its interaction with treatment. The 
treatments with 4 g CaCOj and with calcium salt amendment 
significantly increased potassium in radishes. Potassium 
concentrations in the 2 g CaCOj treatment were lower than 
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Table 4.2. Elemental composition of radish shoots grown 
in acid forest soil. 
Treatment Horizon 
Elemental 
(mg g 
Concentrations 
dry wt.) 
K Ca Mg 
1. no Ca or Mg 0 49b 16*^ 2.8*" 
A 46" 24^" 2.2*"^^ 
2. 2 g CaCOj 0 42** 28" 1.2® 
A 35*" 29" 1.0® 
3. 4 g CaCOj 0 58® 35®" 1.9cd 
A 46'> 37® 
4. + Ca 0 55®" 27"c 2.6® 
A 52®" 3l" 1.6" 
5. + Mg 0 47" 15^ 4.5" 
A 47" 19cd 7.1® 
Results from ANOVA 
Source Significance of the F- -Value 
Treatment(T) * ** k-k* 
Soil(H) — ■k — 
T * H — — kkk 
^ Means followed by different letters within the columns are 
significantly different by LSD (P < 0.05). 
*, **f and *** significant at P < 0.05, 0.01, and 0.001, 
respectively. -, non significant. 
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those in treatment 1 where no calcium or magnesium was 
added. The calcium concentrations in radishes grown in 
mineral soil were somewhat higher than those grown in the 
organic soil. In the limed treatments and the calcium salt 
treatment, calcium concentrations were 10 to 20 mg g’^ 
higher than in plants receiving the calcium-deficient treat¬ 
ments 1 and 5. Radishes accumulated high amounts of magne¬ 
sium when grown in the A horizon and treated with magnesium 
than when grown in the O horizon or with other treatments. 
In all other treatments which received no supplementary 
magnesium, radishes had often higher magnesium concentra¬ 
tions if grown in the O horizon soil. CaCOj restricted 
accumulation of magnesium in the tissue generally below the 
concentrations in radishes in treatment 1. 
2. Effects of on Growth and Mineral Element Composition 
of Indicator Plants 
After 25 days, all ammonium treatments induced toxicity 
symptoms in the plants receiving 5 mM calcium (CA) or 5 mM 
calcium and 2 mM magnesium (CA+MG). Radish leaves in the CA 
treatment were chlorotic, cupped, and very brittle. Radish 
leaves in the 2 mM magnesium (MG) treatment did not show any 
toxicity or deficiency symtoms. Radishes receiving the MG 
treatment exhibited some cupping and marginal chlorosis 
after 30 days only with the 17.5 mM ammonium treatment. 
The results of the mineral analysis, ANOVA, and 
regression are shown in Tables 4.3, 4.4, and 4.5, respec¬ 
tively. The radish dry weights were highest in the MG 
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Table 4.3. Elemental composition and dry weights of 
radishes treated with different regimes of calcium, 
magnesium, and ammonium. 
Treatment 
Ammonium in Nutrient Solution (mM) 
7.5 10.0 12.5 15.0 17.5 
Nitrogen (mg g-*' dry wt.) 
MG 46^ 53*^ 53^" 53*= 56*= 
CA 58® 60® 57® 61® 66® 
CA+MG 57® 59® 60® 60® 64® 
Potassium (mg g- ̂ dry wt.) 
MG ei*” 60*^ 54*= 57*= 52*= 
CA 79® 77® 81® 83® 82® 
CA+MG 74® 82® 80® 81® 85® 
Calcium (mg g*^ dry wt.) 
MG 22^ 20‘' 19b 18*= 19*= 
CA 31® 28® 3 0® 29® 24® 
CA+MG 33® 29® 28® 27® 24® 
Magnesium (mg g- ^ dry wt.) 
MG 5.4® 5.2® 5.7® 5.8® 5.5® 
CA 2.8*^ 2.5^" 2.9*= 2.6*= 2.7*= 
CA+MG 6.0® 4.8® 5.3® 5.1® 5.0® 
Radish dry wt. (g pot*^) 
MG 3.1® 3.5® 3.7® 4.1® 3.6® 
CA 2.2*^ 2.2“^ 2.6*= 2.2*= 2.3*= 
CA+MG 2.5^" 2.2^" 2.3*= 2.1*= 2.2*= 
^ Means within columns followed by different letters are 
significantly different by LSD (P < 0.05). 
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Table 4.4. Results of the ANOVA for elemental composition 
and dry weights of radishes treated with different 
regimes of calcium, magnesium, and ammonium. 
Source 
Variable 
N K Ca Mg dry wt. 
Significance of the F-value 
(A) *** - •kick — — 
Ca and Mg(T) *** *** kkk kkk * * * 
A X T — — — — kk 
*, **, and *** significant at P < 0.05, 0.01, and 0.001. 
respectively. -, nonsignificant. 
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Table 4.5. Results of the regression analysis for effects 
of ammonium treatments on elemental composition and dry 
weights in radishes treated with Ca and Mg. 
N K 
VARIABLE 
Ca Mg Dry wt 
Significance of the Regression” 
MG Treatment^ 
linear * * * * ** - ** 
quadratic — — * * — ** 
cubic ** — — — — 
CA Treatment^' 
linear ** — ** - — 
quadratic ** — — — — 
cubic — — — — — 
CA+MG Treatment^ 
linear ** * — 
quadratic — — — — — 
cubic — — » icic — 
” *, **, and *** significant at P < 0.05, 0.01, 0.001, 
respectively. non significant. 
* MG, 2 mM magnesium. 
^ CA, 4 mM calcium. 
^ CA+MG, 5 mM calcium and 2 mM magnesium. 
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treatment (Table 4.3) and were positively affected by higher 
NH^'" supply (Table 4.5) with this treatment. Dry weights in 
the CA+MG treatment were lower than those in the CA 
treatment when amendment exceeded 12.5 mM (Table 4.3). 
The regression analysis for the dry weights in the CA and 
CA+MG treatment did not show significant trends indicating 
that ammonium treatments did not affect dry weights in those 
treatments (Table 4.4). 
The nitrogen concentrations in the radishes increased 
with all three treatments (MG, CA, CA+MG) as supplied 
in the nutrient solution increased (Table 4.3). Nitrogen 
was increased by 6 to 10 mg g'^ dry weight as the 
concentration in the treatments increased from 7.5 to 17.5 
mM (Table 4.3). Nitrogen also was affected by the 
calcium and magnesium treatments (Tables 4.3 and 4.4). 
Nitrogen was higher in radishes supplied with calcium (CA 
and CA+MG) than in those supplied only with Mg. The 
potassium concentrations were higher in radishes grown with 
the CA and CA+MG treatments than in those grown with the MG 
treatment. The NH^'^ treatment did not affect potassium 
concentrations in radishes in the CA treatment whereas some 
linear response of potassium was observed with the MG (de¬ 
cline) and MG+CA (increase) treatments (Tables 4.3 and 4.5). 
With the CA and the CA+MG treatments, consistently 
higher calcium concentrations were detected compared to 
those in the MG treatment (Table 4.3.). The trend towards 
lower calcium concentrations with increasing ammonium supply 
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is strongly linear in all three treatments (Table 4.5.)* 
The calcium suppression due to ammonium was strongest with 
plants receiving supplementary calcium. The calcium 
concentrations decreased by 9.3 and 8.1 mg g’^ dry weight in 
the CA and CA+MG as opposed to 3 mg Ca g‘^ dry weight in the 
MG treated radishes. 
Magnesium concentrations in plants grown in the 
magnesium-deficient treatment (CA) reached about half the 
level of those treated with magnesium (Table 4.3.). Leaves 
in the MG and the CA+MG treatment had the same magnesium 
concentrations. The magnesium concentrations were affected 
by the treatments (Tables 4.3 and 4.4), but most of 
this effect was due to the decreased magnesium concentra¬ 
tions occurring with the CA+MG treatment (Table 4.5.). 
D. Discussion 
Radish seedlings did not grow in the acid soil without 
liming or without supplementary MgSO^ and CaCl2. Trans¬ 
planted young radish plants grew in acid medium after they 
had germinated in a CaCOj buffered soil. The primary roots 
apparently required high amounts of calcium in order for the 
seedling to become established. Transplanted radishes in 
the treatments with supplementary calcium or magnesium 
(treatment 4 and 5) continued growing in acid soil (pH < 4). 
The liming treatment in the second experiment decreased the 
acidity in the pots from pH 3.7 to pH 4.6 and permitted 
germination and establishment of young radish plants in a 
still acid medium. Hence it appears that calcium deficiency 
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in the root zone and not acidity restricted plant growth, 
although acidity at an intensity below pH 4.0 can be 
phytotoxic (Arnon et al., 1942; Arnon and Johnson, 1942). 
Calcium requirements for root and shoot growth are well 
studied. Coutts and Philipson (1980) reported a higher 
potential for growth restrictions of shoots and roots of 
Sitka spruce from calcium deficiency than from magnesium 
deficiency. Jackson (1967) observed that roots of barley 
and wheat did not grow in calcium-deficient media due to 
restricted cell division and elongation, and in acid soils 
potato stems died before they emerged (Jackson, 1967). Poor 
root growth can lead to further complications in plant 
nutrition. Marschner et al. (1991) estimated that 80% of 
the calcium in shoots of spruce is absorbed in the region of 
elongation at the root tip, where the endodermis is not yet 
formed. Calcium which is transported only in the 
transpiration stream would become deficient in the shoot as 
water uptake is diminished due to a decreased number of root 
tips and root surface (Kirkby and Pilbeam, 1984) . 
Barker et al. (1988) conducted a sand culture experi¬ 
ment with nutrient solutions comparable to those used in 
experiment 1 and 2. With 5 mM calcium and 2 mM magnesium in 
the treatments, radishes accumulated 32 mg K, 41 mg Ca, and 
8 mg Mg g’^ dry weight. The critical calcium concentration, 
determined in the same study, at which deficiency symptoms 
were apparent with nitrate nutrition was 20 mg g'^ dry 
weight. According to these values, calcium was deficient in 
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all radishes of the no calcium treatment and the magnesium 
treatment in the first experiment (Table 4.2) and with the 
magnesium salt treatment in the second experiment (Table 
4.3). The CaCl2 and the CaCOj amendments provided 
sufficient calcium for radishes, raising their calcium 
concentrations higher than 20 mg g‘^ dry weight. 
Radishes grown on magnesium-free medium contained 
around 2 mg Mg g’^ and exhibited chlorosis as a symptom of 
deficiency. The large increase in magnesium concentrations 
due to Mg amendments in acidic media demonstrated that 
acidity did not inhibit magnesium uptake if magnesium was 
present in sufficient amounts. Fertilization with magnesium 
can therefore improve growth conditions in acidic soils. 
Handler et al. (1987) applied magnesium to chlorotic and 
magnesium-deficient Norway spruce and reversed the symptoms 
and allowed needles to become green again. 
The potassium concentrations in the radishes from 
either experiment were above 55 mg g'^ dry weight. A 
depression of potassium accumulation due to ammonium 
nutrition as reported for bean, corn, cucumber, and pea 
(Maynard and Barker, 1969) did not occur in the radishes in 
the present study except in the MG treatment. Potassium 
does not appear to be limiting in the present study. 
The second experiment investigated the response of the 
indicator plants to ammonium nutrition in acid soil (pH 
4.6). An additional aspect of interest was the impact of 
liming and calcium salt amendment alone or in combination 
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with a magnesium treatment on plant growth. This aspect was 
studied to demonstrate that deposition of air-borne 
into forests has the potential to enhance growth and 
consequently lead to nutrient deficiencies. Due to limited 
calcium supply and buffer capacity of soils, toxic effects 
of are possible even in low concentrations for field 
crops (Arnon et al., 1942; Street and Sheat, 1958) and 
forest trees (Evers, 1964; Ingestad and Kahr, 1985). 
The plants in the CA and CA+MG treatment did not 
tolerate any of the ammonium treatments. The rolling of the 
leaf margins that developed in radishes 8 days after the 
ammonium treatments were started, resembled calcium 
deficiency symptoms (English and Maynard, 1978). Street and 
Sheat (1958) stated that plants utilize ammonium nitrogen 
without toxic effects only if the pH of the root zone is 
close to neutrality. Barker et al. (1966) showed that the 
transport of NH^'^ from roots to shoots is restricted in 
neutral media. Ammonium becomes toxic when it enters the 
green plant tissue where it uncouples photosynthetic 
phosphorylation (Krogmann et al., 1959). Schenk and 
Wehrmann (1979) reported a restriction of root elongation 
and root hair formation due to ammonium nutrition and low 
calcium levels in cucumbers grown in nutrient solution. 
Radishes receiving nutrition exhibited deficiency 
symptoms in the present study although they contained 
between 25 and 35 mg Ca g’^ dry weight. These calcium 
concentrations are higher than the critical concentrations 
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obtained from experiments with nitrate nutrition (Barker et 
al., 1988) but apparently were insufficient with nutri¬ 
tion in the present study. Plants receiving calcium and 
magnesium salt treatment (CA+MG) became chlorotic due to the 
treatment although they contained sufficient magne-sium 
and as much as radishes grown with magnesium alone (MG). 
Oddly, radishes grown with CaCOj and magnesium salt 
amendment (MG) had calcium concentrations below 20 mg g'^ 
dry tissue and showed no toxic effects of ammonium even if 
the concentration in the nutrient solution was 17.5 mM 
The calcium source for the plants with the magnesium treat¬ 
ment was the CaCOj added to establish the young radish 
plants. In case of a complete dissolution, the 2 g CaCOj 
would have released 800 mg of calcium. The calcium salt 
treatment in the other treatments (CA and CA+MG) supplied an 
additional 540 mg calcium per pot. These high amounts of 
calcium or the wide ratio between calcium and magnesium 
nutrition were somehow not beneficial to the radishes and 
enhanced the appearance of chlorosis and deficiency 
symptoms. The accumulation of chloride ions with CaCl2 
amendments of the CA and CA+MG treatments does not seem to 
be a source of salt damage, for leaves showed no symptoms of 
Cl' toxicity (Eaton, 1966). 
An impact of increased calcium supply on the accele¬ 
rated appearance of ammonium toxicity symptoms has been 
reported. Barker et al. (1988) observed the best root 
growth in radishes grown on a CaCOj buffered nitrogen 
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nutrition when the calcium supplied in the nutrient solution 
was between 1 and 25 mg L’^. Higher concentrations of 
calcium restricted growth of roots and shoots linearly up to 
a supply of 200 ppm Ca. Calcium concentrations in the 
shoots were increased when the calcium supply went up. 
Possibly elevated calcium supplies facilitated the entry of 
ammonium and enhanced the toxicity of ammonium. 
Radishes in the magnesium treatment (MG) accumulated 
1.5 to 2 times more dry weight than the plants in either of 
the other treatments. Radishes with higher dry weights 
absorbed more total nutrients than plants with lower dry 
weights. Hence the total accumulation of calcium in plants 
receiving liming, MgSO^ and no CaCl2 (MG treatment) was in 
some cases higher than in those supplied with CaClg (CA and 
CA+MG). Whereas increasing NH^* had a negative to no effect 
on the dry weights in the CA and CA+MG treatment, the plants 
in the MG treatment utilized the increased NH^"^ amendments, 
yielding nitrogen concentrations and increased dry weights. 
A balanced nutrition with calcium and magnesium appeared to 
enhance the capacity of radishes to utilize ammonium as a 
nitrogen source. 
The results obtained in the present chapter support the 
findings in chapter III, where it was stated that calcium 
and magnesium deficiencies in forest trees are caused by low 
mineral element concentrations and high acidity in the soil. 
It was shown experimentally that calcium and magnsium 
deficiencies in plants may be agravated if NH^"^ is the 
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nitrogen source. Ammonium has the potential to induce 
calcium and magnesium deficiencies even if calcium and 
magnesium are present in high concentrations in the growth 
medium and the plant tissue. In forest floors where calcium 
and magnesium reserves are limited, growth inhibition and 
chlorosis can be enhanced due to NH^*. 
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CHAPTER V 
THE EFFECTS OF AMMONIUM ON MINERAL NUTRITION OF 
RED SPRUCE AND INDICATOR PLANTS 
A. Introduction 
Soil factors and chemical changes in the root zone are 
believed to contribute to nutritional disorders in declining 
forest trees (Schulze, 1989; Ulrich, 1990). Ammonium borne 
in the air and released from decaying organic matter may 
cause additional acidification beyond that which naturally 
occurs in forest soils and may compete for assimilation by 
the roots with other cations (Tjepkema, 1979; Nihlgard, 
1985). The results of the mineral element composition of 
the foliage in forest trees (see Chapter III) showed that 
declining trees suffered nutrient deficiencies, which were 
related to needle loss with red spruce and chlorosis in 
balsam fir. 
The effects of soil acidity and ammonium nutrition were 
studied previously with indicator plants (see Chapter IV). 
The experiments determined that acid forest soils did not 
provide sufficient calcium and magnesium for the growth of 
the indicator plants. Ammonium nutrition appeared toxic to 
plants and led to pronounced calcium deficiency in radishes 
even though calcium had been applied. The results obtained 
with indicator plants need to be related to red spruce to 
evaluate the potential contribution of NH^"^ nutrition to 
mineral nutrient deficiencies in forest trees. 
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Ammonium supplied to indicator plants as a sole source 
of nitrogen in a unbuffered medium induced toxicity quickly 
(see Chapter IV). In the present study, therefore, ammonium 
was supplied in combination with nitrate. The greenhouse 
experiments in the present chapter assessed the effects of 
nitrogen form on growth and mineral nutrient composition of 
indicator plants and red spruce grown in acid 0 and A 
horizon soils from the forest. 
B. Materials and Methods 
1. Experiment with Indicator Plants 
Radishes were seeded into 6-inch diameter pots filled 
with O or A horizon soils collected in bulk from a hardwood- 
spruce stand and a pure red spruce stand at Mount Greylock 
State Reservation. Because radishes did not grow without 
liming, 2 g CaCOj were added to each pot. After germi¬ 
nation, plants were thinned to five plants per pot. 
Nutrient solution treatments started 7 days after emergence. 
Radishes were treated on a daily basis with 100 ml nutrient 
solution (Table 5.1.) and watered with deionized water. The 
nutrient solutions contained 15 mM nitrogen and consisted of 
0, 3.75, 7.5, 11.25, and 15 mM NH^'^ with the remainder 
supplied by NOj". After 30 days of treatments, radish 
leaves were harvested, dried, weighed, and ground for 
mineral analysis. Nitrogen was determined by Kjeldahl 
analysis. Potassium, calcium, magnesium, and manganese were 
determined in dry ashed samples by atomic absorption 
spectrophotometry. 
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Table 5.1. Composition of nutrient solutions used in 
experiments with red spruce seedlings and radishes. 
Salt 
Treatment Number, Nitrate;Ammonium Ratio 
1 
100:0 
2 
75:25 
3 
50:50 
4 
25:75 
5 
0:100 
concentration of the salt (mM) 
(NHJ2SO4 0 1.88 3.75 5.63 7.5 
CaCNOj)^ 5 5 3.75 0 0 
KNO3 5 1.25 0 3.75 0 
K2S0^ 0 1.88 2.5 0.62 2.5 
CaCl2 0 0 1.25 5 5 
MgSO^ 2 2 2 2 2 
KH2P0^ 1 1 1 1 1 
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2. Experiment with Red Spruce Seedlings 
One-year-old red spruce seedlings were obtained from 
the Spruce-Fir Research Cooperative, USDA Forest Service 
Durham, New Hampshire. To produce these seedlings, red 
spruce seeds had been collected in Carroll County near 
Chatham and Grafton County in the Waterville Valley in 1984. 
The seedlings were planted into 6-inch diameter pots filled 
with O and A horizon soils collected in bulk from a 
hardwood-spruce stand and a pure spruce stand at Mount 
Greylock, State Reservation in October of 1990. Seedlings 
were kept outside the greenhouse from October to January to 
encourage vernalization. The red spruce seedlings were 
moved into the greenhouse on January 20, 1991. The plants 
were watered with deionized water until the buds broke. The 
nutrient solution treatments (Table 5.1.) were started on 
February 1 and ended on May 24 (115 days). 
Every third day, 100 ml of nutrient solutions were 
applied during the growth period of 115 days. Nitrogen 
supply per plant totaled 800 mg per pot. Trees were watered 
daily with deionized water and were flushed every two weeks 
with tapwater to limit the development of salt crusts on the 
soil surface in the pots. After the end of the experiment, 
the new growth was harvested and stored frozen. The dry 
weights of the remaining shoots were determined. The pH in 
the soil of every pot was measured potentiometrically in the 
O and A horizon soil in a 1:5 and a 1:1 soil-water 
suspension, respectively. Upon thawing chlorophyll was 
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extracted from the new growth (Holden, 1965). The samples 
then were dried for mineral analysis. 
3.Statistical Design and Analysis 
The experiments were set up in a randomized complete 
block split plot design. The treatments of nutrient 
solution were the main plots. Forest soil origin (forest 
stands) and soil horizon (O and A) were the split plots. 
Each treatment in the split plots was replicated five times. 
The data were processed by analysis of variance (ANOVA) . 
The effects of the nutrient solution treatments were 
assessed also by regression analysis. The means were 
compared by least significant difference (LSD). 
C. Results 
1. Experiment with Radishes Grown in Organic and Mineral 
Horizons and Treated with Different Ratios of NO,' and 
After 28 days of treatment with the nutrient solutions 
that contained more than 11.25 mM NH^*, radish leaves became 
increasingly chlorotic with upward rolling of the leaf 
margins. Radishes grown with nitrogen treatments that 
contained more NOj' than NH^"^ appeared dark green. Plants 
grown in 0 horizon soil developed bigger leaves than those 
grown in the A horizon soil. 
a. Effects of Soil Horizon and Origin on Indicator Plants 
Dry weights of radishes grown in 0 horizon soil were 1 
to 2 g higher than those grown in A horizon soil (Tables 5.2 
and 5.3). Nitrogen and potassium concentrations were higher 
in plants grown in the A horizon soils than in those grown 
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Table 5.3. Results of ANOVA of dry weights and elemental 
concentrations in radishes treated with different 
ratios of NOj' and NH/ and grown in O and A horizons 
from two forest stands. 
Significance of the F- -Value 
Source Dwt N K Ca Mg Mn 
N-Trmt(T) *** *** * * * ** — ** 
Horizon(H) *** *** *** •kick *** kkk 
Stand(S) — — — k — kkk 
T*H — — * kk * k 
T*S — — — — — k 
H*S — — — k — kkk 
T*H*S * — — — k k 
*, **, and *** are significant for P 
in 
o
 • 
o
 
V
I O
 
• o
 
0,001, 
respectively. nonsignificant. 
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in the O horizon soils (Tables 5.2 and 5.3). Differences in 
nitrogen between the 0 and A horizon soil were 4 mg N g"'' 
with 15 mM NOj" (treatment 1) and greater than in those with 
15 mM NH^'^ (treatment 5) that were 1.6 mg N g*^. 
Differences in soil horizon and soil origin gave 
significant differences for potassium accumulation (Tables 
5.2 and 5.3). Potassium was higher in plants grown in A 
horizon soil. The soil origin had little or no impact on 
plant potassium concentrations (Table 5.3). 
Calcium concentrations differed between soil horizon 
and soil origin, and also a significant interaction of 
soilhorizon and nitrogen treatment occurred (Tables 5.2 and 
5.3). For example with treatment 1, plants grown in soil 
from the mineral horizon from the hardwood-spruce forest 
contained 4 mg Ca g*^ more than those grown in A horizon 
soil from the spruce stand. With treatment 1 and O horizon 
soil from the red spruce stand, calcium concentrations in 
leaves were 8 mg g'^ lower than in those grown in O horizon 
soil from the hardwood-spruce stand. In the organic soil 
from the hardwood-spruce stand, calcium concentrations were 
also higher with treatment 2, 3, 4, and 5 than in the 
organic soil from the spruce stand. Calcium concentrations 
were higher in leaves of plants grown in A horizon soil than 
in plants grown in 0 horizon soil. 
Higher magnesium concentrations occurred in radishes 
grown in O horizon soil than in radishes grown in the A 
horizon soils. (Tables 5.2 and 5.3). Origin of soil had no 
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effect on magnesium accumulation by radish. A significant 
interaction of nitrogen treatment and soil horizon indicated 
a small increase in magnesium as a higher proportion of 
ammonium was included for plants grown in O horizons (Tables 
5.2 and 5.3). 
Differences between soil horizons were observed for 
manganese concentrations. The plants grown in the O horizon 
had more manganese than those grown in A horizon (Table 
5.2). The highly significant effect of soil origin was due 
largely to the much higher accumulation of manganese by 
plants grown in the O horizon soil from the hardwood-spruce 
stand (Tables 5.2 and 5.3). 
b. Effects of the Nitrogen Treatments on Indicator Plants 
The effects of the nitrogen treatments on radish dry 
weights and mineral element compositions were highly 
significant (P < 0.01 or P < 0.001) for dry weights, 
nitrogen, potassium, calcium, and manganese (Table 5.3.). 
The treatment effect was not significant for magnesium. 
The decrease in dry weight between treatment 1 (15 mM 
NOj') and treatment 5 (15 mM NH^"^) was significant in all 
soils (Table 5.4). The decline of the dry weights for 
plants grown in O and A horizon soil from the hardwood- 
spruce stand was curvilinear (quadratic), whereas the dry 
weights decreased linearly with radishes grown in O horizon 
soil from the red spruce stand (Table 5.2 and 5.4). 
The decreases in nitrogen concentrations in radishes 
grown in O horizon soil from the red spruce stand and in 
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Table 5.4. Regression analysis for elemental concentrations 
against nitrogen treatments in radishes grown in O and 
A horizon soils from two forest stands. 
linear 
quadratic 
cubic 
linear 
quadratic 
cubic 
linear 
quadratic 
cubic 
linear 
quadratic 
cubic 
Significance of Regression 
Dry wt.N_K_Ca_Mg^ 
0 Horizon from Hardwood-Red Spruce Stand 
- _ _ * _ * 
*** - *** - * _ 
O Horizon from Red Spruce Stand 
*** *** - *** - *** 
- - *** - *** * 
* ** — * — * 
A Horizon from Hardwood-Red Spruce Stand 
- **_**__ 
** •k * 
A Horizon from Red Spruce Stand 
— ** _ * — 
_ « _ _ ** 
k _ _ _ ** 
*, **, and *** significant at P < 0.05, 0.01, and 0.01, 
respectively. -, non significant. 
65 
radishes grown in mineral horizon soil from either stand was 
linear with increasing ammonium in the nitrogen treatment. 
Although these trends were significant, the absolute changes 
were small. Nitrogen concentrations of plants grown in O 
horizon soil were decreased by only 1 or 2 mg N g*^ dry 
weight as ammonium in the nutrient solution was increased to 
15 mM (Table 5.2). Nitrogen in the A horizon soils from 
either stand decreased linearly from 45 or 46 mg g’^ to 41 
mg g"^ dry weight (Table 5.2 and 5.4). In the O horizon 
soil from either stand and the A horizon soil from the 
hardwood-spruce stand, potassium concentrations decreased 
between treatment 1 and 2 and went up as the NH^"^ concen¬ 
tration in the nutrient solution was higher than 7.5 mM NH^"^ 
(Treatment 3) (Table 5.2). Even though the regression were 
significantly guadratic (Table 5.4) the actual changes were 
small (Table 5.3). 
Calcium concentrations were not greatly affected by the 
nitrogen treatment. For radishes grown in O horizon soil 
from the spruce stand, calcium increased linearly as NH^"^ in 
the nutrient solution increased (Table 5.2 and 5.4). On the 
other hand, calcium concentrations decreased significantly 
by 5 or 9 mg g'^ in radishes grown in A horizon soil as NH^* 
was increased (Table 5.2). 
Magnesium concentrations were affected variably. 
Regressions of magnesium against nitrogen treatment were 
significant but not protected (Tables 3.3 and 3.4). In 
organic soil from the red spruce forest, magnesium increased 
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with increasing whereas radishes grown in O or A 
horizon soil from the hardwood-spruce stand had decreased 
magnesium with increased (Tables 5.2 and 5.4). 
Nitrogen treatments had little effect on the manganese 
concentrations in radishes except for plants grown in O 
horizon from the spruce stand (Table 5.4). Although the 
regression was significant, the concentration differences 
between the treatments were so small as to be considered 
biologically negligible (Table 5.2 and 5.4). 
2. Experiment with Red Spruce Seedlings Grown in Organic and 
Mineral Horizons and Treated with Different Ratios of NO,' 
and_NH^l 
From the terminal buds of the red spruce seedlings, 3 
to 4 cm long extensions grew after the plants were brought 
from the cold to the greenhouse. The seedlings had similar 
heights of 38 to 45 cm. After 100 days of nutrient solution 
treatment, needles of the new growth in the treatments with 
higher than 11.25 mM NH^"^ became increasingly chlorotic. 
Seedlings grown with nutrient solutions in which NOj' 
dominated were dark green. 
a. Effects of Soil Horizon and Origin on Spruce Seedlings 
Growth restrictions of seedlings in the A horizons were 
observed with lower dry weights of the stems and needles 
than with plants grown in the 0 horizon (Table 5.5). The 
soil had a highly significant effect on needle growth but no 
effect on stem weight (Table 5.7). Stem and needle weights 
were highest with treatments 1, 2, or 3 and generally 
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Table 5.5. Dry weights of red spruce seedlings, needles and 
pH in the soil medium after the end of the experiment. 
Soil Nitrogen Treatment* 
Horizon Stand^ 1 2 3 4 5 
Dry weight of Seedlings (g) z 
0 HS 4.3^" 4.7*" 5.3® 4.2® 3.7® 
S 5.6® 5.4® 5.7® 3.5*" 3.2*" 
A HS 3.5^" 4.1'' 4.0*" 3.2*" 3.7® 
S 4.4^ 4.9^" 3.9*" 4.6® 2.9*" 
Dry Weight of 1991 Needles (g) 
0 HS 4.1^^ 3.3®*" 2.6*" 2.6® 2.9® 
S 4.9® 3.5® 3.3® 1.8*" 2.0*" 
A HS 3.1*" 3.3®*" 1.4*" 1.7*" 1.6*" 
S 3. O’" 3.1*" 1.6*" 1.3*" 1.1*" 
pH in the Soil Medium 
0 HS 3.5®^' 3.4*" 3.5*" 3.5®*" 3.3*" 
S 3.4^" 3.3*" 3.3*" 3.5®*" 3.1*" 
A HS 3.5®*" 3.3*" 3.5*" 3.4®*" 3.4®*" 
S 3.6® 3.6® 3.7® 3.6® 3.5® 
^ Treatment 1, 2, 3, 4, and 5; NOj':NH^'^-ratio of 15:0, 
11.25:3.75, 7.5:7.5, 3.75:11.25, 0:15 mM, respectively. 
^ HS, hardwood spruce stand; S, red spruce stand. 
^ Means in columns followed by different letter are 
significantly different by 0.05, LSD. 
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declined with treatment 4 and 5. No interaction of 
treatments had affected growth (Table 5.7). 
The acidity in the soil medium at the end of the 
experiment was between pH 3.1 and 3.5 in the O horizon soils 
and between pH 3.3 and 3.7 in the A horizon soil from the 
spruce stand. These values, however, were relatively 
unchanged from the original pH 3.4 to pH 3.9 (Tables 5.5 and 
3.4). The treatment x soil interaction and the location x 
soil interaction indicated that pH fell more in the O 
horizon than in the A horizon and more in soil from the 
spruce stand than in soil from the hardwood-spruce stand 
(Table 5.7). 
Amongst the mineral element concentrations determined, 
only nitrogen and manganese in needles differed with soil 
horizon or soil origin (Tables 5.6 and 5.7). Seedlings 
grown in 0 horizon soil had higher nitrogen concentrations 
than those in the A horizon. Needles of plants grown insoil 
from the spruce stand had higher nitrogen concentrations 
than those from the hardwood-spruce soil. Potassium 
concentrations were in a range of 9 and 16 mg g'^ and were 
not different between soil horizons or between soil 
origins(Tables 5.6 and 5.7). Magnesium concentrations were 
not affected by the soils (Table 5.6 and 5.8). 
Through all five nitrogen treatments, manganese 
concentrations were higher for seedlings grown in O horizon 
than in the A horizon (Table 5.6). Seedlings tended to 
accumulate more manganese if grown in the soil from the 
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hardwood-spruce stand. Chlorophyll a concentrations were 3 
to 4 times higher than chlorophyll b concentration (Table 
5.8) . Horizons or origin of soil did not effect chlorophyll 
concentrations (Table 5.7). 
b. Effects of the Nitrogen Treatments on Spruce Seedlings 
Significant effects of nitrogen treatment were observed 
for the dry weights, the soil pH, and all plant components 
(Table 5.7). The regression analysis assessed the effects 
of the nutrient solution treatments for each growth medium 
separately (Table 5.9). 
Dry weights of the stems and needles decreased as NH^"^ 
in the nutrient solution went up (Table 5.5). The treatment 
effect was more significant on needle dry weights than on 
stem dry weights for stem weights (Tables 5.7 and 5.9). In 
seedlings grown in organic horizons, 1.3 to 1.5 g less 
needle weight was accumulated in the 15 mM NH^"^ treatment 
than in the 15 mM NOj" treatment, whereas this difference 
was 0.5 to 1.9 g for the A horizon soil (Table 5.5). The 
decline in dry weights of the needles was linear with all 
growth media except for the O horizon soil of the hardwood- 
spruce stand (Table 5.9). The soil acidity had a slight 
tendency towards decreased pH with higher ammonium ratios 
but did not fit a common regression type (Tables 5.5 and 
5.9) . 
In seedlings grown in 0 horizon soils, nitrogen 
concentrations increased slightly if the nutrient solution 
contained 25 % NH^* (treatment 2) and decreased linearly 
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Table 5.8. Chlorophyll concentrations in needles of red 
spruce seedlings treated with three different ratios of 
NOj' and nutrition and grown in O and A horizon 
from two forest stands. 
Soil Nitrogen Treatment^ 
Horizon Stand^ 3 4 5 
Chlorophyll a (mg g'’ fresh wt.)^ 
0 HS 2.3® 1.4® 1.5® 
S 2.1® 1.4® 1.5® 
A HS 2.0® 1.6® 1.2® 
S 1.8® 1.3® 1.4® 
Chlorophyll b (mg g'^ fresh wt.) 
0 HS 0.7® 0.5® 0.4®^' 
S 0.6® o
 
• 0
) 
0.4®^' 
A HS 0.6® 0.5® 0.3*" 
S 0.6® 0.4® 0.5® 
^ Treatment 3 
3.75:11. 
, 4, and 
25, and 
5: NOj': NH^'^-ratio of 7.5 
0:15 mM, respectively. 
:7.5, 
y HS: hardwood spruce forest, S: red spruce stand. 
^ Means for chlorophyll a or b followed by different letter 
are significantly different by LSD (P < 0.05). 
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as the increased (Tables 5.6 and 5.9). Nitrogen 
concentrations between treatment 1 and 5 decreased by 4 and 
5 mg g"^ with the O horizon soils, but the decline was not 
significant for seedlings grown in the A horizon soil. 
Potassium concentrations were higher in the treatments 
with 15 mM NO3* and 15 mM than in treatments in which a 
combination of the two nitrogen sources was supplied (Table 
5.6). This response fitted a quadratic regression and was 
significant for seedlings grown in O horizon soils and the A 
horizon soil from the hardwood-spruce stand (Table 5.9). 
Between the lowest and the highest treatments, calcium 
concentrations decreased by 0.5 to 3.2 mg g’^ (Table 5.6). 
The regression was linear with all soil types and origins 
except for the seedlings grown in O horizon soil from the 
hardwood-spruce stand (Table 5.9). 
The magnesium concentrations in the seedlings increased 
linearly as the ratio in the nutrient solution rose 
(Tables 5.6 and 5.9). The differences between the concen¬ 
trations with the 15 mM NO3* and the 15 mM treatment for 
seedlings grown in the O horizon were 0.9 and 0.7 mg g‘\ 
and in the A horizon from the spruce stand the increase was 
1 mg g*^. The regression was not significant for seedlings 
grown in mineral horizon from the hardwood-spruce stand 
(Tables 5.6 and 5.9). Manganese concentrations were little 
affected by the nutrient solution treatments (Table 5.6 and 
5.9) . 
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Chlorophyll a concentrations decreased from 2.3 mg g’^ 
fresh weight to 1.4 mg g'^ fresh weight in the seedlings 
grown in 0 horizon soil from the hardwood-spruce stand. The 
decrease was between 0.4 and 0.6 mg g'^ fresh weight for the 
other growth media (Table 5.8) . Concentrations of chloro¬ 
phyll b also decreased between treatment 3 and 4. Needles 
of seedlings grown in A horizon soil from the hardwood- 
spruce stand had lower chlorophyll a and b concentrations 
with treatment 5 than with the other treatments. The 
regressions for declines in chlorophyll a and b in the 
organic soil grown seedlings was highly significant (P < 
0.01). For seedlings grown in A horizon soil, the linear 
regression was significant (P < 0.05). 
3. Summarized Results 
a. Effects of soil horizon 
Dry weights of radishes grown in A horizon were lower 
than those of plants grown in O horizon. Nitrogen, 
potassium, or calcium concentrations were somewhat higher in 
radishes grown in A horizon soil than in O horizon soil. 
Magnesium and manganese concen-trations were higher in 
radishes grown in O horizon soil. Spruce also had lower dry 
weights when growing in A horizon than those growing in O 
horizon. Soil horizon had no effect on nitrogen, potassium, 
calcium, and magnesium concentra-tions in spruce seedlings. 
b. Effects of soil origin 
Manganese concentrations were higher in plants grown in 
soil from the hardwood—spruce stand. Soil origin had little 
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effect on nitrogen, potassium, calcium, and magnesium 
concentrations in foliage of radishes and spruce seedlings, 
c. Effects of nitrogen treatments 
Radishes grew better in a 1:1 mixture of NOj' and 
Nitrogen treatment had no major effect s on elemental 
concentrations in radish leaves. Spruce seedlings had 
decreased needle growth with 3.75 mM or more in the 
nutrient solution. Increasing concentrations in the 
nutrient solution caused a decreasing trend for nitrogen and 
calcium concentrations in spruce seedlings. Magnesium 
concentrations in spruce seedlings were increased with 
higher concentrations of in the nutrient solution. 
D. Discussion 
The objective of the present greenhouse study was to 
find evidence for the contribution of nutrition in acid 
soil to mineral nutrient deficiencies. The focus of the 
study in particular was on the possible restriction of 
calcium and magnesium accumulation in red spruce seedlings 
and indicator plants brought about by increased 
concentrations in the environment. 
Plants treated with ammonium concentrations higher than 
11.25 mM became chlorotic and exhibited restricted growth. 
Growth restriction and chlorosis in seedlings and indicator 
plants were clearly caused by the treatment as shown by 
the significant decrease of dry weights and chlorophyll. 
Upon absorption of protons are excreted into the 
rhizosphere by roots of conifer seedlings (Roelofs et al.. 
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1985; Gijsman, 1990a). Rollwagen and Zasoski (1988) 
reported a decrease of pH from 5.7 to 4.7 in soil where 
Douglas-fir seedlings and mature trees were treated with 
and observed the acidifying reaction to a soil depth of 
20 cm in the forest. The liming requirement arising from 
nutrition of forest trees can be high. For a pine 
forest in the Netherlands with an estimated annual needle 
production of 2000 kg ha‘\ Van Diest (1989) calculated an 
excretion of 3 keg which results in a need of 50 kg 
CaCOj. Leisen et al. (1990) identified a small region of 
high proton efflux beginning at 0.5 cm behind the root tip 
when was absorbed by fine roots of Norway spruce. The 
decrease in acidity of the bulk soil in the present study 
was relatively little because nitrogen accumulation in the 
plants was little because the acidification was restricted 
to a small soil portion in the immediate surroundings of the 
fine roots, and because the seedlings absorbed only a small 
portion of the nitrogen applied. From the seedlings, 1 to 5 
g dry needles were harvested. Nitrogen was utilized by the 
seedlings with less than 10 % efficiency. Needles of 
seedlings contained 20 mg N g‘\ and the 0.8 g N applied 
could have produced 20 g dry weight. 
Grasses and plants adapted to acid soils (calcifuges) 
have been reported to grow better with nitrogen supplied by 
a combination of both nitrogen forms or to be not capable of 
utilizing NOj' (Kirkby and Pilbeam, 1984; Burstrom, 1968). 
McElhannon and Mills (1978) studied nitrogen nutrition of 
78 
lima beans in nutrient solution culture with five different 
ratios of NOj’ and They reported significantly 
decreased dry weights of roots and shoots as the 
concentration in the nutrient solution exceeded 50 % of the 
total nitrogen supplied. Radishes prefer nitrogen in form 
of NOj' over (Barker et al., 1988), whereas spruce are 
generally described to prefer nutrition (Van Diest, 
1989). Marschner et al. (1991) studied the preference of 
Norway spruce roots for nitrogen form. They observed that 
NOj’ uptake was low but was not inhibited by in the 
solution and detected a rapid depletion of in the 
medium. The spruce seedlings in the present study exhibited 
a higher sensitivity to ammonium than radishes. Radishes 
were supplied with 2 g CaCOj to enable growth in the acid 
soil medium. Due to the buffering action of CaCOj, radishes 
apparently utilized until the NH^VnOj' ratio exceeded 
50% in the nutrient solution. The pH has to be close to 
neutrality for efficient nutrition of plants with NH^'^ 
(Street and Sheat, 1958; Marschner, 1986), a requirement 
which was not fulfilled in the present experiment. After 
application of 2 g CaCOj, soil acidity in the pots was still 
below pH 5. 
According to the statistical results, calcium concen¬ 
trations in red spruce seedlings and radishes were affected 
by the nutrient solution treatments. For seedlings, calcium 
concentrations decreased linearly whereas those of radishes 
were unchanged or had even increasing trends depending on 
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the soil medium. Calcium concentrations in radishes were 
high compared to the results by Barker et al. (1988) who 
used soils with no lime or other Ca amendments and were not 
affected by the NH^ treatment. Red spruce seedlings which 
received calcium salts had significantly decreased calcium 
concentrations with the 15 mM treatment. This may 
indicate that ammonium did not compete with calcium 
aquisition in radishes when calcium in the soil was high but 
did so in spruce seedlings in unamended soil. 
The magnesium concentrations in indicator plants and 
red spruce seedlings were not affected as expected and 
reported by previous workers. Beans and tomatoes had 
decreased calcium and magnesium concentrations and dry 
weights due to treatments in nutrient solution (Maynard 
and Barker, 1969; Torres de Claassen and Wilcox, 1974). 
Mulder (1956) concluded that nutrition increases the 
magnesium requirements of plants. Evers (1964) treated 
Norway spruce with NOj' and alone and in combination in 
growth media with pH 8, 6, and 3.3. He reported lower dry 
weight and lower calcium and magnesium accumulation with 
NH^"^ nutrition and soil acidity of below pH 6. Those 
negative NH^'^ effects were eliminated in Evers' study, as 
calcium was supplied, though the dry weights were still 
lower than those with NOj' nutrition. Significant calcium 
and magnesium depressions in Norway spruce due to increased 
NH^"^ nutrition were reported by Ingestad (1979) . Boxman and 
Roelofs (1988) detected over an observation period of 4 
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hours a rapid loss of potassium, calcium, and magnesium from 
Scots pine roots incubated in a solution containing 0.09 mM 
NOj’ and 1 mM 
Despite statistically measurable differences, actual 
nitrogen concentrations in the chlorotic spruce seedlings 
treated with 11.25 and 15 mM NH^'^ were only 1 to 5 mg g"^ 
lower in a total concentration of about 20 mg g’^ than those 
with treatments containing a higher ratio of NOj". The 
nitrogen present in the chlorotic plant organs was to some 
extent a product of protein decomposition. Maynard and 
Barker (1969) reported that in chlorotic tissue, nitrogen 
may be present as free amino acids, amides, and NH3. 
From the experiments in Chapter IV, it was shown that 
soil acidity and ammonium did not restrict the accumulation 
of potassium, calcium, and magnesium in indicator plants. 
Ammonium does not affect potassium accumulation (Barker et 
al., 1988). Calcium and magnesium were supplied by the 
limestone or other amendments. The dry weights of the 
needles and radish plants were decreased in the mineral 
horizon with NH^'^ treatments. Ammonium most likely 
restricted accumulation of plant matter long before the 
chlorosis was visible. Despite optimum mineral element 
concentrations in the spruce seedlings in the present study 
there must have been a masked elemental deficiency on the 
tissue level that ultimately gave way to ammonium toxicity. 
It has to be kept in mind that the accumulation of mineral 
elements will be lower in plants with low dry weights than 
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of plants with higher dry weights and the same mineral 
element concentrations. Ingestad and Kahr (1985) reported 
that growth of Norway spruce was strongly enhanced with 
increasing amounts of nitrogen fertilization and detected a 
simultaneous decrease of K, P, Ca, and Mg due to a dilution 
effect, that is, increased growth with a corresponding 
increase in nutrient accumulation. 
New growth of seedlings depends largely on the 
nutrition in the last growing period in which the buds get 
formed (Leyton, 1958). In the present study, potassium and 
magnesium were probably present in the buds and were trans¬ 
located from the older needles and the stems as growth 
started. Calcium that was affected by the treatments needs 
to be absorbed newly. Like no other element, calcium 
absorption is strongly dependent on growing fine roots, for 
80 % of calcium in seedlings is taken up by root tips 
(Marschner et al., 1991). Due to the dependency on mass 
flow of calcium in shoots, fast-growing tissues and organs 
with low transpiration will suffer calcium deficiencies 
Kirkby and Pilbeam, 1984). Magnesium and potassium 
deficiencies are likely once the supply from the soil is 
depleated and the reserves within the plant are exhausted. 
The work of Mitchell (1934; 1939) with red spruce seedlings 
and Zottl and Kennel (1963) with mature Norway spruce 
demonstrated that ammonium application increased the dry 
weight of needles and wood growth of trees as long as no 
other plant nutrient was limiting. 
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Soil from the organic horizon appeared to promote more 
plant growth than soil from the a horizon. In the forest, 
trees spread their fine roots to a large proportion in the 
organic horizon and at the interface between O and A 
horizon. Leyton (1958) attributed the large root mass 
located in the organic horizon to better aeration, higher 
nitrogen concentrations, and a root growth stimulating 
effect from the organic compounds. Kraske and Fernandez 
(1990) tested O and B horizons from spodosols on conifer 
seedling growth. They observed seven times higher needle 
weights and a doubling in nitrogen concentrations where 
conifers were grown in organic horizons. 
Trees in the pure red spruce stand from where the soil 
samples were taken appeared to be healthier than red spruce 
that grew in a mixture with hardwood species 2 00 m away. 
The declining red spruce in Becket (see Chapter III) grew 
also a mixed forest stand. Deciduous trees may be more 
competitious in mineral element assimilation so that 
conifers, deprived of nutrients will decline first. 
In the present experiment, spruce seedlings were 
treated with the same nutrient solution composition (N, P, 
K, Ca, and Mg at 15, 1, 6, 5, 2 mM, respectively) as used 
for indicator plants but at lower daily rates. Salt 
accumulated visibly in the pots and had to be flushed 
periodically to prevent salt injury. Leyton (1954) and 
Mitchell (1939) used nutrient solutions similar to 
Hoagland's solution in soil-grown red spruce. Day and 
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Robbins (1950) applied 7inMN, O.SmMP, 3iaMK, 2.5mM Ca, 
and 1 mM Mg in sand culture to red spruce seedlings, whereas 
Marschner et al. (1991) used only one-tenth of the latter to 
study mineral element uptake of roots of Norway spruce in 
solution culture. Since the seedlings in the present study 
grew healthy in the treatment containing nitrate it can be 
concluded that accumulating salt concentrations did not harm 
the plant roots. 
This study concluded that ammonium was beneficial for 
plant growth as long as sufficient calcium and magnesium was 
supplied. Deficiencies of either element led to adverse 
effects with increasing ammonium. It was not possible to 
study calcium deficiency induced by ammonium with radishes 
because they would not grow in the forest soil without CaCOj 
amendment. The ammonium treatments did not induce calcium 
and magnesium deficiencies if calcium and magnesium were 
supplied with the nutrient solutions. The cause of the 
restriction of plant growth due to the treatment and 
the mineral horizon cannot be attributed to a single factor. 
A complex syndrome of low nutrition, acid soils, and input 
of nitrogen from precipitation may contribute to forest 
decline. Further studies about mineral nutrition in red 
spruce seedlings may evaluate the effect of a mild ammonium 
and mineral element stress for more than one growing season 
to assess exhaustion of the reserves in the seedlings. 
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CHAPTER VI 
CONCLUSIONS 
From file studies of mature trees in western 
Massachusetts evidence was found that declining red spruce 
suffering needle loss were P, Ca and Mg deficient and 
chlorotic balsam fir were K and Mg deficient in relation to 
standards proposed in the literature. Declining or healthy 
red spruce trees had low N and K concentrations in the 
foliage. The cause for the needle loss in declining trees 
was probably due to Mg deficiency. Chlorotic balsam fir 
contained sufficient nitrogen. The mineral element 
deficiencies were most likely due to low mineral element 
concentrations in the soil. Soil analysis showed low K, Ca, 
and Mg concentrations in the mineral soil. Elements were 
concentrated in the organic horizon. 
Greenhouse experiments with indicator plants and red 
spruce showed that NH^* is a potential cause for growth 
restriction and calcium deficiency in plants. Ammonium was 
utilized by radishes in acid soil (pH < 4.5) when liming and 
MgSO^ were provided. Growth of red spruce seedlings in acid 
soil was decreased when NH^* supplied in a nutrient solution 
exceeded 25 % of the nitrogen applied. The treatments in 
the present study did not restrict the accumulation of Ca or 
Mg to levels of deficiency in terms of elemental concentra¬ 
tions present in the tissue. It appears that there was no 
competition between NH^* and calcium or magnesium upon 
uptake by the roots in radishes but perhaps for calcium in 
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red spruce seedlings. Calcium and magnesium deficiency 
symptoms occurred in radishes and red spruce even though 
calcium and magnesium levels were not below accepted 
standards. The deficienciy symptoms or ammonium toxicity 
symptoms observed were apparently due to the effect that 
increased the requirement for Ca and Mg or suppressed 
the utilization by plants. Input of from acid rain 
might lead to Ca and Mg deficiencies in trees grown in 
marginal forest soils. 
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